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GEOLOGIC INVESTIGATIONS OF THE TENNANT CREEK EARTHQUAKES AS

Table 1.

Historic earthquakes in Australia that have produced surface ruptures

M, surface-wave magnitude of the earthquake; <, less than; WA, Western Australia; SA, South Australia; NT, Northern Territory]

. . Surface Maximum
Date Location Magnitude rupture scarp height Reference
(Ms) length (km) (m)

Oct. 14,1968 ........... Meckering, WA...... 6.8.......... 37 3.5 Gordon and Lewis
(1980).

Mar. 11, 1970........... Calingiri, WA ....... 57 ... 3 <0.4 Gordon and Lewis
(1980).

June 6, 1979 ............ Cadoux, WA ........ 6.4.......... 28 <1.4 Lewis and others (1981)

Mar. 30, 1986........... Marryat Creek, SA 58 ... 13 <0.8 McCue and others
(1987).

Jan. 22, 1988 ........... Tennant Creek, NT 6.3-6.7 32 <2.0 Bowman and others

(3 events). (1990).

Newcastle, Australia (fig. 1), earthquake of December 29,
1989, caused 13 deaths and about A$1.5 billion in damage
even though it only had a moderate moment magnitude (M
5.6). Secondly, the strong ground motion generated by major
earthquakes (M27.5) in the interior of continental plates may
affect significantly larger areas than comparable-size plate-
margin earthquakes (Hanks and Johnston, 1992; McKeown,
1982; Nuttli, 1973a, 1973b; Nuttli and Zollweg, 1974).
Based on intensity data from historical reports, a recurrence
of the great earthquakes that struck the New Madrid, Mis-
souri, region in the winter of 1811-12 could cause damage
and injury to an area as much as 20 times larger than the 1906
San Francisco, California, earthquake (about 600,000 km? in
the New Madrid region versus about 30,000 km? in the San
Francisco region) (Hamilton and Johnston, 1990).

Efforts to understand the hazards and to reduce the risks
from intraplate earthquakes are severely hampered by a
nearly complete lack of data on the characteristics of the
causative seismogenic faults. The historical record of earth-
quakes, especially in the central and eastern United States, is
far too short and incomplete to accurately represent the long-
term activity of intraplate faults. The primary reason for the
lack of earthquake-recurrence information is the rarity with
which large intraplate earthquakes generate surface faulting,
Geological investigations of prehistoric earthquakes that
have caused surface rupturing can provide valuable informa-
tion about the location and magnitude of ancient earthquakes
and, thus, insight into the long-term activity of seismogenic
faults over geologically meaningful periods of time (many
thousands of years).

At present, it is unknown if the recurrence of large
earthquakes on intraplate faults in continental interiors is
measured in hundreds, thousands, tens of thousands, or
even hundreds of thousands of years. This kind of basic
information is vital to understanding the mechanics of

potentially hazardous intraplate faults. Worldwide, 10 his-
toric earthquakes in stable intraplate settings are known to
have produced surface ruptures (A.C. Johnston, written
commun., 1990; Johnston and Bullard, 1990). Of the 10
events, 5 were in Australia (fig. 1), all of which occurred
since 1968 (table 1). The extraordinary occurrence of sur-
face-rupturing earthquakes in Australia presents a unique
opportunity to apply paleoseismologic techniques to his-
toric surface ruptures and, thus, to examine the long-term
record of movement on recently active seismogenic faults
in a stable intraplate setting. Historic ruptures on the
respective faults record the most recent surface-faulting
event, whereas paleoseismologic data provide information
on the timing of prehistoric ruptures. Combining the histor-
ical and paleoseismologic data provides a realistic perspec-
tive by which one can gauge the recurrence of major
earthquakes on intraplate faults.

The Tennant Creek earthquakes are the most recent to
have caused surface faulting in Australia, and the seismolog-
ical data for the earthquake sequence is perhaps the most
comprehensive set for any major (M 2 6) intraplate earth-
quake in the world. The seismological data provide invalu-
able insight into the characteristics of the rupture process at
hypocentral depths and the downdip geometry of the seis-
mogenic faults (Choy and Bowman, 1990). However, the
insight derived from the seismological data is limited to the
faulting activity that occurred in 1988 and the few preceding
decades for which seismological data are available. To
develop a more complete geological perspective of the long-
term activity of the fauits, we used paleoseismologic tech-
niques to investigate the Quaternary history of surface-
rupturing earthquakes. Much of our geological data was
obtained from four exploratory trenches across the 1988
scarps; the trenches also revealed details about the style and
characteristics of the near-surface deformation. This study
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and a companion paleoseismologic study of the 1986
ruptures at Marryat Creek, South Australia, (fig. 2)
(Machette, Crone, and Bowman, unpub. data, 1990) offer
new geological data to characterize the activity of earth-
quake-generating faults in the interior of continental plates.
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THE 1988 TENNANT CREEK
EARTHQUAKE SEQUENCE

The Tennant Creek earthquakes on January 22, 1988,
consisted of three major shocks (M; 6.3, 6.4, and 6.7) that
struck within a period of 12 hours (Bowman, 1988; Bowman
and others, 1990; Choy and Bowman, 1990). The earth-
quakes produced surface ruptures along two major fault
strands that have a total length of about 32 km (pl. 14). The
longest strand is the Lake Surprise scarp, a convex-to-the-
north, boomerang-shaped scarp that changes sense of throw

along strike. The eastern part of the Lake Surprise scarp has
a general strike of 115° and a down-to-the-north throw. In
contrast, the western part of the scarp generally strikes 245°
and has a down-to-the-south throw. Lake Surprise, a 1-km-
wide playa, is 3.5 km west-southwest of the apex of the Lake
Surprise scarp and is a few hundred meters west of where the
sense of throw changes direction. The second strand of the
fault (the Kunayungku scarp) is about 7 km northwest of
Lake Surprise and consists of a 10.2-km-long scarp that
strikes 290° and has down-to-the-north throw.

Prior to 1987, the region around Tennant Creek was vir-
tually aseismic. No instrumentally recorded or historically
felt earthquakes of magnitude S or greater had occurred
within 500 km of Tennant Creek, and only a few local earth-
quakes of smaller magnitude had been instrumentally
recorded in the area (Bowman, 1988). In 1965, the Warra-
munga Seismic Array, a seismic network operated by the
Australian National University, was installed about 30 km
southeast of Tennant Creek for monitoring nuclear explo-
sions in the circum-Pacific region. It was strictly coincidence
that this high-gain, short-period network was located adja-
cent to the area that was affected by the 1988 events. In ret-
rospect, the network provided excellent and sensitive
records of precursory earthquake activity. However, it is
sometimes difficult to distinguish between earthquakes and
artificial blasts from mining in the Tennant Creek area. A
review of local seismic activity from the network’s bulletins
and array’s seismograms shows that there were only two
unequivocal earthquakes (in contrast to mining-related
explosions) in the 20 yr of the array's operation preceding the
onset of earthquakes in the Tennant Creek area (Bowman,
1988).

Detailed information on the faulting process and the
sequence of events for the Tennant Creek earthquakes is
mainly derived from seismological data. Much of this infor-
mation is from focal mechanisms and waveform analyses by
the National Earthquake Information Center (1988), Chung
and others (1988), McCaffrey (1989), and Choy and Bow-
man (1990). The seismological data cannot unambiguously
relate the first and second main shocks to specific sections of
scarps. In the following discussion, we mainly use the
sequence of events proposed by Choy and Bowman (1990),
but also comment on alternative interpretations proposed by
McCaffrey (1989).

The first indication of the impending surface-rupturing
events was an earthquake swarm that began on January 5,
1987, in the area struck by the main shocks a year later.
The swarm included six events with body-wave magnitude
(mp) of 4 to 5.2 (local magnitude—M;j 4.9-5.4) and about
1,100 aftershocks. This swarm was marked by two peaks of
activity, one in January 1987, and a second one 6 months
later (Bouniot and others, 1990). The number of after-
shocks in this sequence gradually diminished until the first
main shock of the 1988 earthquake sequence, which
occurred on the morning of January 22. In retrospect, the
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Table 2. Parameters for main shocks of the January 22, 1988, Tennant Creek earthquake sequence

{Data from National Earthquake Information Center (1988), Choy and Bowman (1990), and Bowman and Dewey (1991). Rupture lengths as measured from plate 1A are inferred
from propagation direction, direction of reverse faulting, and mapped trace of faults. M, surface-wave magnitude; m,, body-wave magnitude; UT, Universal time]

Time (UT Latitude Longitude = Magnitudes Seismic moment Depth and focal Remarks

and local) (south) (north) (x1025 dyne-cm) ~ mechanism
0036:00 19°49'48" 133°55'37" M;=6.3 2.9 6.5 km; NNE 10.2-km-long rupture;

10:06 a.m. mp=6.1 reverse. unilateral to the northwest.
0357:27 19°4825" 133°55'12" M =6.4 5.2 3-3.5km; S 6.7- and 3.1-km-long

01:27 am. mp=6.1 oblique ruptures; no resolvable

reverse. directivity.

1205:00 19°50'42" 133°56'53" M=6.7 8.3 4.5 km; NNE  16.0-km-long rupture;

09:35 p.m. mp=6.5 reverse. unilateral to the southeast.

1987 swarm is now regarded as a precursory sequence to
the 1988 surface-rupturing events because the number of
earthquakes associated with the 1987 swarm diminished at
an anomalously slow rate (Bowman and others, 1990) and
because the 1987 earthquakes occurred between two areas
that would rupture in 1988 (Bowman and Dewey, 1991).
This precursory series is attributed to the failure of small
asperities on the eastern margin of the Kunayungku fault
(Choy and Bowman, 1990; Bowman and Dewey, 1991),
which eventually ruptured during the 1988 events.

The first of the three Tennant Creek main shocks struck
at 0036:00 Universal time (UT). It was composed of three
subevents, and had an M; of 6.3 and an m,, of 6.1 (table 2).
Of the two focal-mechanism nodal planes, we prefer the
plane that indicates north-directed reverse motion on a fault
that strikes 100°, dips 35° S., and has nearly pure dip-slip
motion. The event nucleated at a depth of 6.5 km near the
eastern end of the Kunayungku fault and ruptured to the
northwest (pl. 1A4). This earthquake probably created the
Kunayungku scarp, based on its location with respect to all
of the 1988 scarps and the directivity of the rupture (Bow-
man, 1988; McCaffrey, 1989; Choy and Bowman, 1990).
The entire scarp is 10.2 km long measured along the trace of
the scarp and 9.7 km long measured from end to end (pl. 14).
Six minutes before the first major earthquake, a foreshock of
duration magnitude (Mp) 3.6 occurred in the gap between
the Kunayungku and Lake Surprise scarps.

The second main shock (M, 6.4; my, 6.1) occurred about
3.5 hours later (0357:27 UT, table 2) and released almost
twice the seismic moment of the first event. The second main
shock probably produced the rupture along the western part
of the Lake Surprise scarp (pl. 14), which is characterized by
south-directed reverse faulting. The southward reverse

faulting is associated with a 6.7-km-long scarp, much of
which coincides with a prominent quartz ridge (discussed in
the following section). In addition, there is a second scarp, 3
km long, parallel to and about 1 km south of the western end
of the main scarp (pl. 14). The analysis of broadband wave
forms shows that the second earthquake was also composed
of three subevents and had a complex rupture process (Choy
and Bowman, 1990). Focal mechanisms for the first two sub-
events show reverse faulting with a moderate component of
left-lateral slip on a plane that strikes 051° and dips 32° SE.
but does not reach the surface. These subevents nucleated at
a depth of only about 3.0-3.5 km. The seismological record
of the third subevent is partly obscured by the seismic waves
from the preceding subevents.

The seismological data are somewhat ambiguous about
which main shock produced the western Lake Surprise
scarps. Choy and Bowman (1990) proposed that this scarp
was formed by south-directed thrusting on a northwesterly
dipping fault plane, which ruptured during the last subevent
of the second main shock. However, the focal mechanism for
this subevent shows minor right-lateral slip, which is diffi-
cult to reconcile with postearthquake field observations that
show a consistent pattern of left-lateral displacement (fig. 4,
table 3). McCaffrey (1989) offered two explanations for the
formation of the western Lake Surprise scarp. One explana-
tion proposes that the scarp formed during the first main
shock because the north-dipping nodal plane (with minor
left-lateral slip) for this event best fits the attitude of the
north-dipping fault. However, the waveforms for the first
main shock are better modeled by a south-dipping fault plane
(Choy and Bowman, 1990), which is consistent with the
morphology of the Kunayungku scarp, not the western Lake
Surprise scarp. Thus, we do not favor McCaffrey’s
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EXPLANATION

Surface ruptures from
thrust faulting in 1988

Direction of apparent horizontal
displacement of hanging-wall
block. Dashed where uncertain

70 Direction and amount (in centimeters)

of northern or southern displacement 10:
of hanging-wall block. >, greater ;
than. Dashed where uncertain

& Direction and amount (in centimeters)
of eastern or western displacement
of hanging-wall block

1

ik Main-shock epicenters and order of
occurrence (table 2). From Dewey 0
and Bowman (1991)
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Figure 4.

Measured horizontal fault displacements on the Tennant Creek fault scarps. Letters correspond to individual measurements

listed in table 3. Displacement values are resolved into north-south and east-west components because measurements were obtained from
the offset of cultural features such as fences, which generally trend north-south and east-west.

interpretation. Alternatively, McCaffrey (1989) proposed
that the second main shock initiated on a north-dipping fault
plane and that the subsequent rupture and the largest moment
release occurred on a southeasterly dipping fauit plane. This
explanation associates the western Lake Surprise scarp with
a subsidiary north-dipping fault in the hanging wall of a mas-
ter south-dipping reverse fault (the Kunayungku and eastern
Lake Surprise faults). However, the aftershocks in the cen-
tral part of the surface ruptures (near the western Lake Sur-
prise scarp) define a northwesterly dipping pattern (Bowman
and others, 1990). Other published focal mechanisms
(Chung and others, 1988; National Earthquake Information
Center, 1988) do not have nodal planes that match the orien-
tation of the western Lake Surprise scarp and the northwest-
ern dip inferred from the distribution of aftershock
hypocenters and thus provide little insight about which
shock formed the western Lake Surprise scarps. On the basis
of the relocated hypocenters (Bowman, 1988), the north-
westerly dipping pattern of aftershocks in the central part of
the rupture zone (Bowman and others, 1990), and the
teleseismic-waveform constraints (McCaffrey, 1989; Choy
and Bowman, 1990), we favor Choy and Bowman’s inter-
pretation that the western Lake Surprise scarp formed during
the second main shock (although it is not clear which subev-
ent ruptured the surface).

The third and final main shock (M; 6.7; m,, 6.5) had the
largest seismic moment of the three shocks (8.3x10% dyne-
cm) and was also composed of three subevents. It occurred
at 1205:00 UT (table 2), about 8 hours after the second major
earthquake. The source parameters for these three subevents
are very similar and show reverse faulting on a plane that
strikes 100° and dips 45° S. The earthquake nucleated at a
depth of 4.5 km and ruptured to the southeast.

The last main shock produced the right-stepping sur-
face rupture along the eastern section of the Lake Surprise
scarp, which has a measured length of 16.0 km along its trace
(pl. 1A). This section of the scarps crosses a 35.6-cm-diam-
eter high-pressure natural-gas transmission pipeline oper-
ated by the Northern Territory Gas Proprietary Limited (NT
Gas). The surface faulting shortened the pipeline in a north-
south direction by nearly 1 m. An aerial survey of the gas
transmission line before the third earthquake showed no evi-
dence of surface rupture or damage. Thus, the deformation in
the pipeline was related to the third main shock of the
sequence. :

Collectively, the three main shocks produced three dis-
tinctive sections of surface rupture; two sections consist of
west-northwesterly trending scarps, the eastern part of the
Lake Surprise scarp and the Kunayungku scarp, which are
separated by a 7-km-wide gap and which are associated with
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Table 3.

A9

Estimated horizontal surface displacements for Tennant Creek earthquakes, January 22, 1988

[N, north; S, south; E, east; W, west; LL, left-lateral offset; N.D., not determined; 2, greater than or equal to; AUSLIG, Australian Surveying and Land Information Group. Sources
of data: NT (Northern Territory Gas Proprietary Limited), written commun. to J. R. Bowman, Mar. 14, 1988, and later; JRB, J. R. Bowman, Jan. 25-Feb. 25, 1988]

Symbol on Location with North/south component East/west component Source of
pl. 1A and reference to AUSLIG data
fig. 4 Station No. Feature Amount (cm) Feature Amount (cm)
sense sense
Ao, At Station 4665 ............ Slack in north-south 90 N Offset in north-south N.D. JRB
fence. fence.
B......... 40 m NE of Station 4655. Shortening of north- 100-200 N  Bend in north-south N.D. NT
south pipeline. pipeline.
[ O 100 m ENE of Station Road overthrust...... N.D Offset in north-south 30LL JRB
4655. road berm.
D.......... 375 m SW of Station Road overthrust....... N.D Offset in north-south 40LL JRB
4900. road berm.
E............ 75 m E of Station 5002 ... Slack in north-south 30S Offset in north-south N.D. JRB
fence. fence.
F........ 590 m W of Station 4970. Offset of cracked N.D. Offset of cracked 10LL JRB
termite mound. termite mound.
G........... 275 m ESE of Station Slack in north-south 80N Offset in north-south 25LL JRB
4620 (A8). fence. road berm.
H...... Between Stations 5090 Offset posts in east- 120N ND. .o, N.D. JRB
and 2060 (A7). west fence.
) ST Near Station 4635 (A6)... Buried tree trunk...... 2100N N.D.........ccveenenn... N.D. JRB

south-dipping faults (pl. 14). The third section is the south-
westerly trending scarp along the western section of the Lake
Surprise scarp, which is associated with a north-dipping
fault. The largest amount of deformation is along the eastern
part of the Lake Surprise scarp where offsets of 1 m are com-
mon and are as much as about 1.8 m (fig. 5). In contrast, the
surface offset along the Kunayungku and western part of the
Lake Surprise scarps is typically 1 m or less. For all three
sections of surface rupturing, the predominant style of defor-
mation at the surface is reverse faulting, although some lat-
eral slip was documented locally (fig. 4, table 3).

More than 17,000 aftershocks have been recorded by
the Warramunga Seismic Array since the January 22 main
shocks (Bowman, in press). The largest aftershock was a m;,
5.8 event that occurred about 9 hours (2054:05 UT) after the
third main shock. Other notable large aftershocks occurred
on January 29 (my, 5.5) and September 30, 1988 (m,, 5.2).
The aftershock sequence continues, and a magnitude-5.1
aftershock occurred as recently as March 7, 1991. The most
abundant aftershocks were near the margins of inferred rup-
ture areas on the faults; the interior of the rupture surfaces
was relatively inactive (Bowman and others, 1990). This
observation indicates that the coseismic slip largely relieved

the accumulated strain energy on the interior parts of the
faults and that the stress was transferred to the edges of the
rupture areas.

The following hypothesis, which is based largely on the
interpretation of Choy and Bowman (1990) and Bowman (in
press), summarizes the sequence of events associated with
the Tennant Creek earthquakes. The precursory sequence of
earthquakes that began in January 1987 was the first indica-
tion of the impending release of a large amount of strain
energy. The Mp 3.6 foreshock 6 minutes before the first
major earthquake signaled the first stages of failure of the
Kunayungku fault. The first main shock nucleated about 6.5
km deep near the southeastern end of the south-dipping Kun-
ayungku fault (pl. 1A) and ruptured upward and to the north-
west. The failure of the Kunayungku fault increased the
loading on the ends of the fault and, 3.5 hours later, the
increased load stimulated the second main shock, which rup-
tured the western and central part of the Lake Surprise fault
(pl. 1A). The second main shock nucleated about 3—-3.5 km
deep and near the middle of the zone of aftershocks that
define a north-dipping fault plane. This earthquake is consid-
ered to be the critical event in the series because it had the
highest stress drop (136 bars) of the three major earthquakes
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Figure 5.  Surface offset on the 1988 Tennant Creek fault scarps versus distance east of the western edge of the paddock. A, Surface
offset on individual scarps. Solid dots are measurements along the eastern Lake Surprise and Kunayungku scarps, solid squares are mea-
surements along the northern strand of the western Lake Surprise scarp, and solid diamonds are measurements along the southern strand
of the western Lake Surprise scarp. Positive values of surface offset indicate offset caused by northward-directed movement, negative
values indicate southward-directed movement. See plate 1A for map of scarps. Shaded lines show generalized maximum amounts of
surface offset. B, Net cumulative surface offset of the Kunayungku and Lake Surprise scarps. Values of net cumulative offset were ob-
tained by adding the surface-offset values of north-directed and south-directed scarps together along the Kunayungku and western Lake
Surprise scarps. This plot portrays the total amount of surface offset across the system of scarps that was produced by the north-south
shortening.

and, therefore, probably ruptured the strongest barrier. If this ~ the three scarps. About 8 hours later, the third main shock
barrier had not failed, the third earthquake in the series may  nucleated at 4.5-km depth at a point about 3 km south of the
not have occurred. The failure of the western part of the Lake ~ Lake Surprise fault and ruptured to the east-southeast along
Surprise fault during the second earthquake shifted stress to  the south-dipping fault (pl. 14). The three main shocks were
the eastern end of the fault, toward the central area between  followed by thousands of aftershocks in the immediate area
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of the scarps, and moderate-magnitude aftershocks have
continued to occur more than 3 yr after the surface faulting.
Notably, some of the most recent aftershocks have shifted
eastward from the Lake Surprise scarp to the region beneath
the Warramunga Seismic Array (Bowman, in press), a shift
that probably reflects ongoing adjustments in the surround-
ing upper crust to the abrupt change in the regional stress
field caused by the Tennant Creek earthquakes.

GEOLOGIC SETTING OF THE
TENNANT CREEK EARTHQUAKES

The Australian continent is composed of an amalgam-
ation of crustal blocks (Plumb, 1979a) that are broadly
grouped into the Western, Central, and Eastern Cratons (fig.
1; Palfreyman, 1984). The Tennant Creek region lies within
the Central Cratonic province. The 1988 earthquakes
occurred near the border between the Tennant Creek inlier
(or block) to the east and the Wiso basin to the west (fig. 2;
Palfreyman, 1984; Bowman, in press). The Tennant Creek
inlier is composed primarily of Early and Middle Proterozoic
marine sedimentary, volcanic, and intrusive rocks. The Wiso
basin generally contains less than about 500 m of largely
undeformed Middle Cambrian through Devonian shallow
marine and continental sedimentary rocks, but locally these
Paleozoic rocks might be as much as 2,000 m thick (Ken-
newell and Huleatt, 1980; Palfreyman, 1984).

Near Tennant Creek, the most widely exposed Precam-
brian rocks are the Warramunga Group, an interstratified
sequence of Early Proterozoic sedimentary and volcanic
rocks (Dodson and Gardener, 1978). Poor exposures of the
Warramunga Group make it difficult to characterize and sub-
divide these rocks accurately, but the group is known to con-
tain interbedded graywacke, sandstone, siltstone, shale,
hematitic shale, chert with tuff, and acidic volcanic rocks, all
having a composite thickness of about 6,000 m. Early Prot-
erozoic granite and small sills and dikes of diorite and lam-
prophyre intrude the Warramunga Group.

Detailed information about the bedrock geology in the
immediate area of the 1988 faulting is limited because the
widespread veneer of Tertiary and Quaternary surficial
deposits, the low-relief landscape, and the lack of an inte-
grated drainage system result in few bedrock exposures.
Much of what is known about the pre-Quaternary geology is
based on regional structural and stratigraphic relations, and
on subsurface data from exploratory and production water
wells drilled for Tennant Creek's public water supply.

Data from water wells adjacent to the eastern part of the
Lake Surprise fault and in the area of the Kunayungku fault
indicate a generalized stratigraphy of Precambrian granitic
basement rock overlain by several tens of meters of Cam-
brian and Ordovician sandstone and siltstone, which is
capped by about 10-30 m of unconsolidated Cenozoic sedi-
ments (Verhoeven and Knott, 1980; Verhoeven and Russell,

1981). Locally in the Kunayungku area, the crystalline base-
ment rocks consist of Proterozoic schist. The Cambrian and
Ordovician sandstone and siltstone are part of a wedge of
Paleozoic sedimentary rocks that were deposited in the Wiso
basin but which onlap onto the western flank of the Tennant
Creek inlier (Kennewell and Huleatt, 1980).

The major geologic structures in the Tennant Creek
area formed in response to three phases of folding and
repeated episodes of faulting (Dodson and Gardener, 1978).
Major faults in the area trend northwest. Plumb (1979b)
noted that west-northwest-trending faults are widespread
throughout north-central Australia and are commonly thrust
and reverse faults. North-trending strike-slip and oblique-
slip faults are also present. Many of the faults show evidence
of reactivation both on a local and regional basis (Dodson
and Gardener, 1978; Plumb, 1979b). Many fractures and
ancient faults are mineralized with quartz, jasper, and, less
commonly, dolomite or talc. Faults that have been mineral-
ized with silica are commonly referred to as quartz ridges
because they are usually topographically high features,
which result from their greater resistance to weathering com-
pared to the surrounding bedrock. About 5 km of the western
part of the Lake Surprise scarp coincides with a quartz ridge
that presumably marks the location of an ancient mineralized
fault or fault zone. The precise spatial coincidence of the
scarp with the quartz ridge is evidence that the 1988 earth-
quakes locally reactivated preexisting ancient faults.

The Mesozoic and Cenozoic history of the interior of
Australia is characterized by a prolonged period of tectonic
and landform stability, minor deposition of sediment, and
deep surficial weathering. In the Tennant Creek area, the
characteristics and stratigraphy of Cenozoic deposits is
poorly known, in part because these deposits are rarely
exposed. However, several small, shallow basins filled with
unconsolidated clastic sediment thought to be of Cenozoic
age have been recognized from water-well drilling (Dodson
and Gardener, 1978; Verhoeven and Knott, 1980).

Much of the Cenozoic in central Australia has been
characterized by deep surficial weathering, but in parts of
Australia, the subaerial weathering of some presently
exposed geomorphic surfaces may have started in the Paleo-
zoic. For example, in the Western MacDonnell Ranges (west
of Alice Springs, fig. 2) and in southern and southwestern
Australia, some surfaces may have remained exposed since
Permian time (Mabbutt, 1966, 1988; Twidale, 1983), and in
the Tennant Creek area, some landforms may date to Cam-
brian time (Stewart and others, 1986). This prolonged epi-
sode of surficial weathering, which has continued
throughout much of the Cenozoic in many areas, is widely
regarded to have produced the iron- and manganese-rich lat-
erites that are common in much of western and north-central
Australia. The precise origin, age, and original areal extent
of the laterites are still subject to discussion. Stratigraphic
and geomorphic evidence in some parts of central Australia
indicate that the lateritic profiles began forming in
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Cretaceous time (Twidale, 1983; Pickup and others, 1988).
In the Wiso basin, the laterite and a slightly younger lateritic
conglomerate rest on Lower Cretaceous rocks and may be
older than the Miocene Canfield beds (Kennewell and Hule-
att, 1980). Dodson and Gardener (1978) reported that locally
in the Tennant Creek area, the laterite has been eroded and
redeposited in layers that are as much as 15 m thick.

In all of our trenches, we exposed nodular ferruginous
deposits that probably correspond to this widespread laterite
or lateritic conglomerate (ferricrete and associated materials
on pl. 2; see the section on “Description of Units Exposed in
the Trenches”). In this report, we choose not to use the term
“laterite” because it has a genetic connotation that implies
deep surficial weathering under moist, warm (that is, tropi-
cal) climatic conditions (Loughnan, 1969; Goudie, 1973).
Instead, we use the term “ferricrete” (Goudie, 1973), which
we consider to be a nongenetic descriptive term for accumu-
lations of iron- and manganese-cemented surficial materials
(Bates and Jackson, 1980). Because we are not absolutely
certain about the origin and parent material of the ferricretes
in our trenches, we prefer to use the more generic term.

For our purposes, the time when ferricrete formation
essentially ceased is important because it defines a time
marker to use in evaluating rates of tectonic deformation.
The best estimates of the cessation of ferricrete development
seem to favor Miocene to early Pliocene time. These esti-
mates are based on paleoclimatic reconstructions of a cli-
matic change from warm, relatively wet conditions to
progressively drier conditions (Bowler, 1976; Twidale,
1983; Mabbutt, 1988) and on the geomorphology of ancient
valleys in the interior of central Australia (Pickup and others,
1988). In the absence of more specific data from our study,
we consider the ferricretes that we describe to be no more
than mid-Tertiary in age.

Eolian sand is ubiquitous throughout most of the inte-
rior of Australia. More than 1.3 million kmZ, or about 20 per-
cent of the continent, is covered by well-developed dune
fields (Ash and Wasson, 1983). In the Tennant Creek area, a
widespread blanket of unconsolidated late Quaternary eolian
sand mantles virtually all of the lowland surfaces in depths
that commonly range from 2 m to as much as 5 m. The sand
has buried the preexisting topography and produced the
essentially flat, nearly featureless landscape. These sands are
typically fine to medium grained and light reddish brown,
and are both well sorted and well rounded. On the basis of
grain-size analyses, they are categorized as sand, loamy
sand, and sandy loam (fig. 6); the less sandy samples (sandy
loams) are probably altered from sands (see the following
discussion of soil formation and weathering of eolian sand).

Quaternary climatic studies in semiarid parts of Austra-
lia document multiple episodes of aridity and associated
eolian activity in the past 300,000 yr (Bowler, 1976), but the
most recent period of major eolian activity began about
25,000 yr ago and ceased about 13,000 yr ago. Thus, the bulk
of the eolian sand in the Tennant Creek area is probably late

SAND, IN PERCENT

Figure 6. Grain-size data for samples of eolian sand from the
four trenches excavated across the 1988 Tennant Creek fault
scarps. Textural classes are: S, sand; L, loam; LS, loamy sand; SL,
sandy loam; SCL,sandy clay loam; SC, sandy clay.

Pleistocene in age. However, the lack of significant soil
development on the sand at some of our trench sites is evi-
dence that the sand may have been locally remobilized and
reworked during the mid- to late Holocene (Bowler, 1976).

Samples from the trenches were collected for dating by
radiocarbon (14C), TL, ESR, and uranium-trend analysis.
The 4C and TL analyses are complete, but the final analyses
of the ESR samples are in progress (1992), and only prelim-
inary results are available for a few samples (tables 8 and 9
in the section on “Description of Units Exposed in the
Trenches™). A preliminary analysis of the uranium-trend
samples by D.R. Muhs (U.S. Geological Survey, Denver,
Colo.) indicated a low chance that this dating technique
would yield reliable results; therefore, further analysis of
these samples was not undertaken.

The only radiocarbon sample we collected was from the
basal part of the eolian sand (unit es) in the eastern Lake
Surprise trench (pl. 24). The sample consisted of carbonized
wood collected from stratigraphically equivalent horizons in
the west wall (sample ELS-3, pl. 24) and the east wall (sam-
ple ELS-2, pl. 24) of the trench. The sample yielded an
AMS (accelerator mass spectrometry) uncalibrated radiocar-
bon date of 1,474144 yr before present (Geochron Laborato-
ries, sample GX-16282-AMS). Although the sample
appeared to be detrital, we conclude that the date is geologi-
cally unrealistic. The sample is probably a young carbonized
root fragment or it is detrital wood that has been severely



















































GEOLOGIC INVESTIGATIONS OF THE TENNANT CREEK EARTHQUAKES A29

9). We presume that the angular gravel (unit ag), which lies
directly beneath the sand, is also late Pleistocene. The pres-
ence of shears in unit fcg that do not extend into the shal-
lower, younger deposits also implies the occurrence of a
surface-rupturing paleoearthquake. However, the presence
of a fault strand that cannot be traced upward into undis-
turbed deposits does not necessarily mean that the last move-
ment on that strand predates deposition of the undisturbed
deposit (Bonilla and Lienkaemper, 1991).

The third line of evidence is the facies relations
between the lens of angular gravel (unit ag) and the mixed
angular gravel and ferricrete gravel (unit ag+fcg) south of
the fault zone, which show that a significant paleoscarp
existed at this locality. The facies relations between the grav-
els and the onlap of the eolian sand onto these gravels show
clearly that a bedrock scarp was present before deposition of
the upper Pleistocene sand. More than 1.65 m of relief exists
now on the top of the bedrock (highest point of bedrock
north of scarp at 3.5-m mark versus low point in trench south
of scarp at 11.35-m mark, pl. 2C), which is more than twice
the size of the 1988 scarp (0.8 m). Thus, the pre-1988 scarp
was at least equal in size to the historical fault scarp.

Stratigraphic evidence in this trench does not unequiv-
ocally establish whether the pre-1988 scarp was a fault scarp
or a fluvial scarp. If the scarp is a tectonic feature, the stone
lines in the mixed angular gravel and ferricrete gravel (unit
ag+fcg) could indicate times when recurrent faulting
renewed the relief on the scarp. Alternatively, if the
paleoscarp is a fluvial feature, the stone lines could simply
represent brief episodes of accelerated degradation of the
scarp, perhaps caused by major storms, or could be lag
deposits that mark temporary intervals of nondeposition.
The similarities in the stratigraphy in trench WLS-1 and
WLS-2 suggest that the pre-1988 scarps at both localities
have a common origin. However, independent evidence of a
possible fissure fill and upward-terminating faults in WLS-2
favor an explanation of this paleoscarp as originating by pre-
1988 movement on the western Lake Surprise fault.

TRENCHING OF THE
KUNAYUNGKU SCARP

The Kunayungku scarp is about 10 km long and con-
sists of sinuous, discontinuous surface ruptures that trend
about 110° (pl. 1A). The scarp is about 6 km north and north-
west of the western part of the Lake Surprise scarp. Move-
ment on the Kunayungku fault is south-over-north with a net
throw on the order of 0.1-1.0 m (Bowman, 1991; pls.
11-1L). The seismological data from the 1988 earthquakes
indicate that this scarp formed from a rupture that propa-
gated from east to west and updip (Choy and Bowman, 1990;
McCaffrey, 1989) during the first of the three main shocks
(Bowman, 1988).

The Kunayungku trench was roughly near the midpoint
of the scarp (pl. 14), 58 m southeast of AUSLIG survey sta-
tion No. 4635 (labeled Sta. A6 in the field) on a bearing of
117° (pl. 1H); this bearing intersects the trench wall at the
17.5-m mark on the trench map (pl. 2D). The AUSLIG sta-
tion is identified by a 1.5-m-high steel stake in the field.

CHARACTERISTICS OF FAULT SCARPS
NEAR THE TRENCH

Deformation near the Kunayungku trench is typical of
the ruptures along the entire Kunayungku scarp. The surface
deformation is expressed as a series of broad folds and mon-
oclines that have amplitudes of as much as 1.5 m and wave-
lengths of several tens of meters (pis. 1H-1L). The folds are
generally aligned in a right-stepping en echelon pattern (pl.
1H), and limbs of the folds are commonly ruptured by low-
angle faults that dip to the north and south and that have a
few tens of centimeters of displacement. Where present, the
free face on a rupture is commonly only 10-20 cm high. All
of the reverse faults shown on the map of the Kunayungku
trench locality (pl. 1H) have less than 25 cm of throw. Many
of the fault scarps are associated with backthrusts, that is,
second-order reverse faults whose transport direction is
north-over-south, which is opposite to that of the master
reverse fault at depth. Even though the folding has produced
as much as 1.5 m of local relief, the net throw on the Kuna-
yungku scarp is typically 1 m or less (pls. 1/-1L). Folding
and the surface deformation from the 1988 earthquakes is
conspicuous relative to the very flat terrain surrounding the
Kunayungku scarp. The overall width of the zone of surface
deformation is commonly 30-50 m, but locally it is more
than 70 m wide.

The right-stepping en echelon pattern of the folds is
well developed within about 1 km of the trench. The crests
of the folds are commonly cracked by a network of anasto-
mosing open fissures and fractures that form a polygonal
pattern roughly subparallel to the crest. Along the flanks of
many arches, some of the trees and bushes have died because
their tap roots have been severed by faulting. In addition,
most of the Spinifex triodia sp. (bunch grass) on the arches
has died owing to their high topographic position and
increased elevation above the local water table.

STRATIGRAPHY IN THE TRENCH

The 22-m-long Kunayungku trench began in the nearly
flat footwall of the scarp, crossed a prominent bulge and
small south-facing scarplet, and extended across the apex of
a broad arch (pl. 1J). The trench trended 027° and exposed
three distinct stratigraphic units: (1) Deeply weathered bed-
rock (unit ra, pl. 2D) that was present along most of the bot-
tom of the trench, (2) an overlying ferricrete unit (fcm) that
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is about 40-60 cm thick, and (3) a relatively homogeneous
eolian sand (unit es) that extends to the surface.

Bedrock in the Kunayungku trench is soft, massive,
light-grayish-green claystone that is mottled with yellowish
orange and black stains of iron and manganese oxides. The
bedrock is broken into angular prisms 2-3 cm in diameter.
Clay coatings on the prism faces show that some differential
movement has occurred between individual blocks, but we
attribute much of this movement to swelling and shrinking as
the clayey rock was wetted and dried. The density of frac-
tures and the intensity of shearing in the claystone increase
greatly closer to the main fault (14.5 m, pl. 2D). Much of this
fracturing and shearing is probably a direct result of the 1988
earthquakes because it was relatively easy to pluck out
blocks of the bedrock by hand within 1 m of the main fault,
whereas a rock hammer was needed to extract pieces of the
normally compact claystone elsewhere in the trench. Thus,
both stress cutans (frictionally induced clay coatings) and
argillans (shrinkage-induced clay coatings) are probably
present in the trench.

The bedrock is so extensively weathered and altered
that it is difficult even to speculate on the characteristics of
the original parent rock. In the late 1970's, a network of bore-
holes was drilled near the Kunayungku scarp as part of a
regional ground-water evaluation program. The results of
the drilling program show that, in places, about 15 m of Cen-
ozoic sedimentary rocks rest on Precambrian metamorphic
and igneous rocks and Cambrian sedimentary rocks (Ver-
hoeven and Knott, 1980; Verhoeven and Russell, 1981).
Unfortunately, the reports describing the subsurface stratig-
raphy fail to elaborate on the characteristics of the Cenozoic
sedimentary rocks. We speculate that the easily excavated
claystone in the trench might be part of these Cenozoic sed-
imentary rocks, although it could also be very extensively
weathered Precambrian or Cambrian rock.

In this trench, the bedrock is overlain by ferricrete (unit
fcm) that is composed of rounded to subrounded ferruginous
nodules. The ferricrete appears to be a transitional unit
between the claystone and the overlying eolian sand. The
upper half of the ferricrete contains abundant red sand in the
matrix, but downward the sand content diminishes and the
clay content in the matrix increases.

The most extensive deposit in the trench is a blanket of
dark red, eolian sand (unit es) that ranges in thickness from
less than 1 m to more than 1.5 m and is composed of well-
sorted, nonstratified fine- to coarse-grained quartz (see the
section on“Descriptions of Units Exposed in the Trenches”).
The sand has moderately well developed soil that consists of
A/B and B/A horizons in the upper 15-20 cm, a cambic (Bw)
horizon that is defined on the basis of color change, and a
deep argillic (Bt) horizon that is defined by a progressive
increase in clay toward the ferricrete (see the section on
“Description of Units Exposed in the Trenches,” fig. 23, and
table 7). The argillic B horizon contains as much as 14 per-
cent clay, extends to more than 1-m depth, and is formed in
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a parent material of well-sorted eolian sand that probably
had only a few percent clay initially. This degree of clay
accumulation strongly suggests that the material near the
base of unit es is late Pleistocene and is probably at least
several tens of thousands of years old. This conclusion is
corroborated by TL age determinations on a sequence of four
samples from the hanging wall (south) of the fault (pl. 2D).
The samples were collected from depths of 0.2 m, 0.45 m,
0.8 m, and 1.1 m, and have TL ages of 6.610.5ka, 10.710.8
ka, 23.0+2.2 ka, and 30+2.3 ka, respectively (table 9).

We mapped a thin unit at the base of the sand between
18 and 20 m (pl. 2D) that is identified as unit es and fcm (a
mixture of eolian sand and the underlying ferricrete). The
mixing that produced this unit appears to be nontectonic and
was probably caused by bioturbation or some other surficial
process.

STRUCTURAL FEATURES IN THE TRENCH

The 1988 earthquakes caused warping, flexing, and
plastic deformation in the weathered claystone and the over-
lying Quaternary deposits at the Kunayungku trench site
(fig. 17). Nearly all of the topographic and structural relief
across the scarp results from monoclinal warping; brittle fail-
ure on faults is responsible for only a small fraction of the
total structural relief.

Two networks of faults were present in the trench: (1)
A major, southward-dipping reverse fault and its associated
subsidiary fractures that extend down to a small step in the
bedrock at the bottom of the trench (14.5-m mark on pl. 2D);
and (2) a network of low- to moderate-angle, northward-dip-
ping reverse fauits and fractures that are concentrated in the
footwall of the fault. Some of the northward-dipping faults
and fractures in the intensely faulted area between 10 and 12
m (pl. 2D) could be conjugate features associated with the
main, south-dipping fault. The measurable displacement on
individual faults is typically less than 10 cm, regardless of
whether they dip to the north or south. The overall pattern of
deformation in this trench is remarkably similar to the fold-
thrust structures generated in the early stages of rock-defor-
mation experiments to examine the development of fold-
thrust structures (fig. 8a of Chester and others, 1991).

The focal mechanism for the first main shock, which is
believed to have formed the Kunayungku scarps, the pattern
of aftershocks along this section of faulting, and the south-
side-up sense of throw on the fault scarp all indicate that the
master fault at depth is a south-dipping reverse fault. These
observations and the fact that the southward-dipping fault
that extends from the surface at the 10-m mark to the bottom
of the trench at about 14.5 m coincides with a large step in
the bedrock suggests that this fault is the surface expression
of the seismogenic fault. In the eolian sand and ferricrete,
this fault strikes 146° and has an average dip of about 16°,
but in the claystone, the dip increases abruptly to about 58°.
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the hanging wall was transported northward, near-surface
compression and deformation in the weathered bedrock and
Quaternary deposits increased. The strain from this com-
pression was first accommodated by the development of the
network of north-dipping faults. Later, as the amount of dis-
placement on the master fault at depth increased, the rupture
propagated up through the weathered bedrock, ferricrete,
and sand, eventually reaching the surface. Several of the
north-dipping faults are offset about 12 cm by the main,
south-dipping fault, showing clear evidence of the relative
timing of offsets. The last stage of movement on the main
fault may have increased the amplitude of the arch and, as a
result, stimulated further development of the extensional
fractures in the hanging wall.

OBSERVATIONS PERTINENT TO
PREHISTORIC RUPTURING

We saw no geomorphic evidence at the Kunayungku
locality nor found any compelling structural or stratigraphic
evidence in the trench to indicate the presence of a prehis-
toric scarp. We attribute the extensive fracturing in the upper
part of the claystone to the 1988 earthquakes mainly because
the fracture surfaces are unoxidized and unstained by iron
oxide, which certainly would have migrated down from the
overlying ferricrete over a longer time period. The structural
relief on the top of the claystone in the trench is 1.35 m,
which is virtually the same as the 1.4 m of topographic relief
between the crest of the fold and the ground surface north of
the scarp. The similarity of these values is strong evidence
against a history of repeated late Cenozoic movement on this
fault.

The anomalously thick section of ferricrete in the hang-
ing wall immediately adjacent to the main fault is curious;
the reason for this difference in thickness remains unknown.
In 1988, reverse slip on the main fault offset the top of the
ferricrete 7 cm to the north, yet the top of the underlying
claystone is offset 30 cm in the opposite direction. The dis-
parity between the sense of slip on the top of the ferricrete
versus the top of the claystone could be the result of an
unmeasured component of strike-slip movement, which did
occur locally in 1988. The generalized right-stepping en ech-
elon pattern of the 1988 scarps might also indicate some
strike-slip motion. Finally, the western fence line of the pad-
dock shows 25 cm of east-west-oriented left-lateral offset
(and 80 cm of north-south-directed horizontal movement)
where it crosses the Kunayungku scarp (G, fig.4, table 3). In
contrast to these observations, the seismological data show
nearly pure reverse-fault motion for the first main shock
(Choy and Bowman, 1990) or reverse faulting with a minor
component of right-lateral slip (Chung and others, 1988;
McCaffrey, 1989; National Earthquake Information Center,
1988).

We offer two hypotheses to explain the apparent change
in throw direction between the top of the bedrock and the top
of the ferricrete. The first explanation invokes a prehistoric
faulting event. Taken at face value, these stratigraphic rela-
tions indicate an apparent reversal of slip in which the 1988
earthquakes reactivated a preexisting normal fault (down-
to-the-south) with an opposite sense of slip. This normal
fault may be the northern edge of a keystone block at the
apex of a broad arch that formed during this prehistoric
earthquake. We speculate that the low-angle north-dipping
normal fault with 22 cm of dip slip at the 19.5-m mark (pl.
2D) may bound the southemn edge of this keystone block.
The normal slip on the main fault would have occurred dur-
ing, but not after, formation of the ferricrete, because only
the base of the ferricrete is offset by normal slip. The age of
the ferricrete is unknown, but as discussed earlier, we
assume that it is probably late Cenozoic, which implies that
the inferred prehistoric event would also be late Cenozoic in
age.

The second hypothesis attributes the apparent normal-
slip offset to an unusually thick section of ferricrete directly
south of the fault. The thick ferricrete is so localized that it
appears to be somehow related to its proximity to the fault
zone; accordingly, this hypothesis proposes that the unusu-
ally thick ferricrete is the result of preferential weathering or
ground-water alteration in fractured claystone adjacent to the
preexisting fault zone. The claystone near the fault zone is
more fractured than the surrounding bedrock and therefore
has greater permeability. If the ferricrete is largely a product
of intense in-place weathering, as we suspect, then increased
fracture permeability near the fault might facilitate forma-
tion of the ferricrete. The apparent normal slip on the bed-
rock could actually be the result of preferential development
of the ferricrete immediately south of the fault zone. We rec-
ognize that this hypothesis fails to explain why the preferen-
tial development is confined to only one side of the fault
when the fracturing would certainly have occurred on both
sides of the fault.

The extensive drilling program that was part of the
regional hydrologic analysis (Verhoeven and Knott, 1980;
Verhoeven and Russell, 1981) provides some useful infor-
mation about the subsurface structure near the Kunayungku
scarp. Drilling near the scarp documents a generalized strati-
graphic section of Cenozoic sediments that bury Cambrian
sedimentary rocks, Proterozoic granite, and Archean schist.
The drill-hole data are interpreted to define a complex set of
intersecting northwest- and northeast-trending faults, but
none of the interpreted faults coincides with the Kunayungku
fault scarp. The drill-hole data also are interpreted to show a
variable sense of throw on the Precambrian bedrock along
the trace of the scarp. Sections across the northwestern end
of the scarp show that Precambrian granite is at least 70 m
shallower northeast of the scarp versus southwest of the
scarp (fig. 9 in Verhoeven and Knott, 1980 (reproduced as
fig. 4 in Bowman and others, 1990); figs. 3, 6 in Verhoeven
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and Russell, 1981). However, a section across the central
part of the scarp infers bedrock to be about 40 m deeper on
the northeastern side versus the southwestern side (fig. 4 in
Verhoeven and Russell, 1981), a relationship which con-
forms to the 1988 displacement pattern. The drill-hole data
do not allow us to directly relate the historical scarp to a pre-
existing fault, but they indicate that the distribution of faults
and pattern of structures in the subjacent Precambrian rocks
is complex.

EVIDENCE OF QUATERNARY
FAULTING

Although we did not find definitive stratigraphic evi-
dence of prehistoric surface-faulting earthquakes at any of
the trench localities, several lines of indirect evidence favor
our interpretation of pre-1988 late Quaternary surface fault-
ing along the western arm of the Lake Surprise scarp. Both
of the western Lake Surprise trenches exposed convincing
evidence of a preexisting late Quaternary scarp in bedrock
that was buried by eolian sand. We cannot unequivocally
determine if the buried scarp was actually a fault scarp but,
based on the evidence we present, we favor this interpreta-
tion. We found no stratigraphic or structural evidence of pre-
historic Quaternary events in the Kunayungku or eastern
Lake Surprise trenches in either the eolian sand or the under-
lying ferricrete. In fact, at the Kunayungku locality, the sim-
ilar amount of relief on the bedrock and the deformation of
the ground surface show that virtually all of the deformation
of the top of the bedrock at this locality occurred in 1988.

It is noteworthy that our best evidence for late Quater-
nary faulting was found on the only section of the 1988 rup-
tures that coincides with exposed bedrock, the quartz ridge.
This coincidence is good evidence that the 1988 earthquakes
reactivated a fault whose history of movement may extend
back to the Precambrian. Based on the geological and seis-
mological factors, Choy and Bowman (1990) regarded the
second main shock in 1988, which probably formed the
western Lake Surprise scarp, to be the critical event in the
Tennant Creek earthquake series. The second main shock
had the largest dynamic stress drop (136 bars) of the three
major earthquakes, a drop that implies that this earthquake
ruptured the strongest barrier. Without the failure of this bar-
rier, the third main shock may not have occurred, and the
Tennant Creek earthquakes may have consisted of only one
main shock instead of a sequence of three similar-size main
shocks. We are unsure about the significance of these vari-
ous observations, but the geologic evidence of recurrent
faulting, the suggestion that this is the only section of the
1988 scarps to rupture in the recent geologic past (late Pleis-
tocene), and the seismologic evidence of a strong barrier
associated with this section of the scarps imply that struc-
tures related to the western arm of the Lake Surprise fault

have had a part in the tectonics of the Tennant Creek area for
a long time.

STRUCTURAL CONTROLS OF FAULTING

The spatial coincidence between (1) the location of
Lake Surprise, (2) the general area where the sense of throw
changes direction on the Lake Surprise fault, and (3) the
peculiar concentration of the calcrete mounds suggests that
the geological setting of the Lake Surprise area is unique.
We speculate that the spatial coincidence of these surficial
features is a direct result of structural complexities in the
subsurface. Despite its small size, Lake Surprise is a signifi-
cant physiographic landmark in a generally featureless land-
scape. In addition, the lake is the center of a local, internal
drainage system in a region where the surface drainage is
dominated by overland flow rather than runoff that is chan-
neled into an integrated drainage network.

In the area directly east of the lake, the sense of throw
on the Lake Surprise fault changes from south-directed
reverse slip on the western arm to north-directed reverse slip
on the eastern arm. About 3 km east of Lake Surprise, the
general strike between the western and eastern parts of the
fault (pl. 14) rotates about 40° clockwise within a distance of
about 1.5 km. The abrupt change in both the sense of throw
and in the strike of the fault is unusual and suggests to us that
the subjacent faults in this area interact in a very complex
manner. Abrupt major bends are one of several characteris-
tics that identify structural discontinuities in fauits or other
structural features that can divide faults into individual rup-
ture segments (Aki, 1979; King and Nébelek, 1985; Crone
and Haller, 1991; dePolo and others, 1991). The seismolog-
ical data indicate that the scarps on either side of this bend
probably formed during two separate main shocks. Collec-
tively, these observations show that an important structural
feature near Lake Surprise affected the propagation of the
coseismic ruptures along the eastern and western arms of the
Lake Surprise fault.

The juxtaposition of Lake Surprise (a regionally sig-
nificant depression) with the area of calcrete mounds (a
noticeable topographic high on the east shore of the lake) is
notable and peculiar. We estimate that there is about 10 m
of relief between the lake bottom and the crest of the cal-
crete mounds across a distance of about 200 m. This
amount of relief is remarkable in an area where the topo-
graphic relief is commonly a few meters between points
several kilometers apart. Although the origin of the mounds
is unknown, if our speculation that the mounds are pro-
duced by artesian flow is correct, then the concentration of
these mounds adjacent to the lake might be evidence that an
aquifuge is present in the subsurface near the lake. This
aquifuge could abruptly change the local pattern of ground-
water flow and force carbonate-bearing ground water to the
surface through conduits that are topographically high
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relative to the immediately surrounding area. The develop-
ment of a virtually impermeable clay gouge or the mineral-
ization that sealed ancient faults are possible mechanisms
that could create an aquifuge near the lake.

The preceding geologic observations combined with
the seismologic data from the 1988 earthquakes constitute
strong evidence that a major structural barrier exists near
Lake Surprise and that this barrier physically divides the
Lake Surprise fault into an eastern and a western segment.
This postulated barrier appears to have allowed the two seg-
ments to rupture independently, although increased stress on
the barrier following the second main shock, combined with
the preexisting ambient stress, ultimately exceeded the bar-
rier’s strength and led to the third and largest main shock.
This barrier separates faults that have significantly different
strikes and that probably dip in opposite directions. King and
Nébelek (1985) found that major changes in fault geometry,
such as that documented along the Lake Surprise fault, may
coincide with complex networks of intersecting faults that
can affect the initiation and termination of coseismic rup-
tures. Furthermore, prominent bends in faults can create bar-
riers that are considerably stronger and more resistant to
rupturing than adjacent parts of the fault (Andrews, 1989).
Thus, the pronounced change in the strike and dip direction
of the Lake Surprise fault scarps is probably the surface
expression of a structurally complex segment boundary in
the subsurface.

It is noteworthy that the topographic low occupied by
Lake Surprise coincides with an area where the 1988 net
cumulative surface offset is small compared to adjacent
areas. A plot of net cumulative surface offset of the 1988
scarps (Fig. 5B) was constructed by adding the surface-offset
values of north-directed and south-directed scarps together
as a function of distance east of the western edge of the pad-
dock along a west-northwest line (strike of about 290°). The
resulting plot combines the offsets on the Kunayungku and
western Lake Surprise scarps (shown separately in fig. 5A)
and graphically portrays the total amount of surface offset
across the system of scarps that was produced by the north-
south shortening. The cumulative surface offset near Lake
Surprise is only about 0.5 m compared to surface offsets of
about 1 m to the east and west. We speculate that the location
of the lake may be, in part, structurally controlled by the seg-
ment boundary where the net throw on the faults in 1988 and
perhaps from past earthquakes was small compared to other
parts of the fault system.

THE RECURRENCE OF SURFACE-
FAULTING EARTHQUAKES IN
STABLE INTRAPLATE SETTINGS

The stratigraphic and structural data we cite provide
only very broad limits on the recurrence of surface-rupturing

earthquakes on the faults that ruptured during the 1988 earth-
quakes. The broad limits established by this study indicate
that the recurrence interval of large earthquakes on each of
these faults is measured on a time scale of at least tens of
thousands of years and perhaps hundreds of thousands of
years or longer.

As we stated in the “Introduction,” the geologic data on
recurrent surface-faulting earthquakes in stable plate interi-
ors are very limited, in part because historic ruptures in these
settings are rare. Our conclusion that recurrence intervals on
the Tennant Creek faults are on the order of tens of thou-
sands of years or more is consistent with the observations
about the recurrence interval of surface-rupturing earth-
quakes at Marryat Creek, South Australia (Machette, Crone,
and Bowman, unpub. data, 1990) and on the Meers fault in
southwestern Oklahoma (Crone and Luza, 1990), the only
other faults in comparable tectonic settings for which there
is any recurrence information. The paleoseismic studies at
Marryat Creek conclude that the recurrence interval for sur-
face-rupturing earthquakes on the faults that moved during
the 1986 earthquake is at least 100,000 yr and probably
much longer. The Meers is a reactivated Paleozoic fault in a
part of the United States that is widely regarded to be part of
the stable interior of the continent. Along the small section
of the Meers fault where Pleistocene deposits are preserved,
the amount of offset on middle Pleistocene alluvium is sim-
ilar to the offset on middle Holocene alluvium. Thus the pen-
ultimate surface faulting that preceded the late Holocene
rupture occurred more than 100,000 yr ago (Crone and Luza,
1990). A recent investigation of the relations between the
1989 Ungava, Quebec, rupture and preexisting geologic
structures concluded that the rupture reactivated a ductile
Archean fault but that the fault had not been active any other
time in the Phanerozoic (Adams and others, 1992). Collec-
tively these data are meager, yet they consistently indicate
that lengthy recurrence intervals of 100,000 yr or more are
typical of faults in the stable interior of continents.

Recurrence information on other similar faults that
have ruptured historically is virtually nonexistent, so it is
impossible to determine whether the pattern implied by pale-
oseismic studies of the Tennant Creek and Marryat Creek
scarps and Meers fault is truly representative of seismogenic
faults in continental interiors. If recurrence intervals of tens
or hundreds of thousands of years are typical of individual
seismogenic faults in stable continental interiors, then the
hazard posed by damaging earthquakes on a single fault is
very small compared to a human life span. Johnston (1989)
noted that the rate of seismicity in stable continental settings
is ten to one hundred times lower than it is for plate-bound-
ary settings. Thus, for the stable continental interiors, more
realistic and perhaps more meaningful hazard assessments
should be based on a regional recurrence interval, which
could be determined by statistically combining the recur-
rence information on individual faults throughout a region.
This type of recurrence interval would reflect the likelihood
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of a specific locality being affected by a damaging earth-
quake in the region. Regional perspectives offer a more real-
istic view of the hazard in stable continental interiors
because the collective probability of a damaging earthquake
occurring on one of many faults is significantly greater than
the hazard posed by a single fault with a recurrence interval
of several tens of thousands of years.

The unusual occurrence of surface-rupturing earth-
quakes in Australia during the past 25 yr has increased con-
cemn that unexpected large intraplate earthquakes could
occur in more densely populated parts of the world. This
concern was further heightened by the Ungava, Quebec,
earthquake in December 1989, which is the first known sur-
face-rupturing earthquake in central and eastern North
America (Adams, Wetmiller, Drysdale, and Hasegawa,
1991; Adams, Wetmiller, Hasegawa, and Drysdale, 1991)
and which occurred in an area that previously had only
minor, dispersed historical seismicity (Adams and Basham,
1989). The Ungava earthquake was only the tenth historical
earthquake in the world known to produce surface rupture in
a stable continental setting, but an increasing number of
recent geologic investigations have either documented or
cited possible evidence of prehistoric surface ruptures in
continental interiors. Of these prehistoric ruptures, the Meers
fault is perhaps the most thoroughly studied. The Meers fault
was first identified and mapped as a major reverse fault in
Paleozoic sedimentary rocks more than SO yr ago, but the
neotectonic significance of the scarp on the fault remained
unrecognized until 1983 (Gilbert, 1983a, 1983b). The fact
that the scarp remained unnoticed for decades in a thor-
oughly mapped area underscores the possibility that, world-
wide, many other unidentified prehistoric ruptures may exist
in stable interiors of continents. For example, recent recon-
naissance investigations of newly formed bluffs along the
shore of Harlan County Lake in south-central Nebraska have
revealed faults in latest Quaternary loess (W.C. Johnson and
R.D. Miller, Kansas Geological Survey, written commun.,
1991). In Australia, prehistoric fault scarps (fig. 1) are
known to exist on the Lort River fault, the Mt. Narryer faults,
near Hyden, and near Merredin, all in Western Australia
(Gordon and Lewis, 1980; Denham, 1988; McCue, 1990),
near Cadell, New South Wales, and near Lake Edgar, Tas-
mania (McCue, 1990). Along the western flank of the
Flinders Ranges, which are about 350 km north of Adelaide
in South Australia (fig. 1), a reverse fault displaces alluvial-
fan gravels that are thought to be about 30 ka (Williams,
1973). In addition, while in Australia we learned about pos-
sible Quaternary fault scarps east of Barrow Creek, Northern
Territory (fig. 2) (P. W. Haines, Department of Mines and
Energy, Northern Territory, written commun., 1990), in the
Simpson Desert area of South Australia, and in the Great
Sandy Desert of Western Australia (fig. 1). In Ghana, West
Africa, archaeological evidence indicates the possibility of
10 m of Holocene displacement on the Accra fault (Thomp-
son, 1970), which is about 150 km northeast of the epicenter
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of the 1939 Accra earthquake (M about 6!4) that generated
about 10 km of surface rupture with a maximum height of 46
cm (Langer and others, 1987; Sykes, 1978; Yarwood and
Doser, 1990). These few examples stress the incompleteness
of the worldwide inventory of Quaternary scarps in interior
continental settings and suggest that prehistoric surface rup-
tures in the so-called stable continental interiors may be
more widespread and common than previously believed.
Obviously, a more comprehensive inventory is vital to deter-
mining how frequently major intraplate earthquakes occur
and thus realistically assessing the hazards they pose.

Earthquake-hazard assessments in continental interiors
are hindered by an incomplete inventory of prehistoric
scarps, but they are also hindered by the apparently small
chances of preserving geologic evidence of prehistoric earth-
quakes based on the historical examples. For example,
despite their modest size (1-m-high scarps are common, 1.8
m high is the maximum size), the long-term preservation
potential of the Tennant Creek scarps is low because they are
formed primarily on easily eroded eolian sand. As a result,
erosional and depositional processes will likely obliterate or
conceal the scarps in a geologically short period of time. We
judge the preservation potential of the scarps from the 1986
Marryat Creek, South Australia, earthquake to also be low
because of their size (less than 1 m high) and because they
are formed on easily eroded surficial deposits. Lewis and
others (1981) noted the ephemeral nature of the scarps from
the 1979 Cadoux, Western Australia, earthquake and, like-
wise, Adams, Wetmiller, Drysdale, and Hasegawa (1991)
and Adams, Wetmiller, Hasegawa, and Drysdale (1991)
considered the chances of the Ungava scarp leaving a signif-
icant geologic record to be poor. The largest scarps from the
1983 Guinea, West Africa, earthquake are only 5-7 cm high
(Langer and others, 1987), which is so small that they will
probably be obliterated within a few decades. These exam-
ples of historical faulting demonstrate the ephemeral nature
of the geologic evidence for many of the prehistoric surface
faults in intraplate settings. Because the evidence is so
ephemeral, even a comprehensive inventory of fault scarps
might underestimate significantly the number of faults that
could produce potentially damaging earthquakes and, thus,
inaccurately reflect the hazard.

IMPLICATIONS CONCERNING
SEISMIC HAZARDS IN CONTINENTAL
INTERIOR SETTINGS

Assessing the earthquake hazards in the interior of con-
tinental plates is a difficult but important challenge for the
earth-science and engineering communities. Hazard assess-
ments in continental interiors are confronted by several dif-
ficult obstacles. First, potentially damaging earthquakes in
plate interiors are several orders of magnitude less frequent



GEOLOGIC INVESTIGATIONS OF THE TENNANT CREEK EARTHQUAKES A37

than those along plate margins, and as a result, the public’s
awareness and concern regarding earthquake’ hazards in
plate-interior settings are generally low. However, compared
to interplate settings, the relatively low attenuation of seis-
mic energy from large earthquakes in intraplate settings can
cause damage in large areas (Hanks and Johnston, 1992). In
addition, the data from this study and from the Marryat
Creek and Meers fault studies indicate that the recurrence of
surface rupturing on most individual faults in continental
interiors is probably measured on time scales of at least sev-
eral tens of thousands of years. With such long recurrence
times, the hazard posed by a specific fault is statistically
miniscule compared to the intended lifespan of human-made
structures. With such long recurrence intervals and low slip
rates, potentially hazardous faults can be easily overlooked
or ignored. Although the actual hazard posed by a single
fault may be very low, the cumulative hazard posed by
numerous unsuspected faults could be substantially greater.

The lack of seismicity associated with some potentially
seismogenic faults in stable continental interiors is another
troublesome aspect of intraplate hazard assessments.
Microseismicity is commonly used as a guide to identify
potentially hazardous faults, but before the Tennant Creek
earthquakes there was no seismicity, and in southwestern
Oklahoma today, the Meers fault is aseismic. Thus,
microseismicity is an unreliable criterion for detecting all
potentially seismogenic faults.

Past hazard assessments for the interiors of continental
plates have relied primarily on statistical analyses of the
rates of seismicity (Nishenko and Bollinger, 1990). How-
ever, recent geological studies demonstrate that the limita-
tions of short historical records of seismicity, the inadequate
inventory of potentially seismogenic faults, and the long
recurrence intervals for surface-rupturing faults are factors
that must be incorporated into hazard assessments in conti-
nental interiors. Future hazard assessments need to be based
on more comprehensive geologic data on the number and
distribution of potentially seismogenic faults, on better
knowledge about the paleoseismicity of intraplate faults, and
on patterns in the long-term activity of hazardous faults in
supposedly stable parts of the continents.
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DESCRIPTION OF UNITS EXPOSED IN
THE TRENCHES

In the following discussion, the surficial units are clas-
sified according to the predominant grain size of the material
in the deposit. For example, a deposit that contains 25 per-
cent sand and 75 percent gravel is a sandy gravel on the basis
of its overall grain size. However the textural description of
this deposit is based on the texture of the less-than-2-mm
fraction and is named and classified according to the soil ter-
minology of the Soil Survey Staff (1975). For the preceding
example of the sandy gravel, if the less-than-2-mm fraction
is composed of 25 percent clay, 25 percent silt, and 50 per-
cent sand, then texturally, this sandy gravel is classified as a
sandy clay loam, and the deposit is classified as a very grav-
elly sandy clay loam (fig. 19). The “+” and *-” designations
are informal and indicate clay-enriched and clay-depleted
(respectively) samples within an individual textural class.
Soil-color notations were determined by comparing soil peds
to a Munsell Color Chart (Munsell Color Co., Inc., 1954) and
are followed by “m” to show the color of a moist sample or
“d” to show the color of a dry sample.

EASTERN LAKE SURPRISE TRENCH (ELS)

Eolian sand (unit es, pl. 24). Well-sorted, nonstratified,
fine- to coarse-grained sand, subangular to subrounded.
Thickness 225-275 cm. Divided into two subunits in
trench.

1. Organic component of soil (A horizon) in eolian sand
(samples ELS—4a through —4c, table 4). Medium- to
coarse-grained sand (+) to loamy sand (-) (fig. 20), less
than 1 percent gravel (all less than 4 mm); slightly or-
ganic (shown by root hairs, darkened color, and weak
platy structure); few thin clay films on grains, none on
peds; noncalcareous and massive. Iron oxide is primary
cementing agent, but deposit is loose to weakly friable.
Dark reddish brown to dark red (2.5YR 3.5-4/7 d; 2.5YR
3/4 m), very slightly sticky to nonsticky, very slightly
plastic to nonplastic. Modern land surface has 10-20
percent cover of coarse bunch grass (Spinifex triodia
sp.), 1-2 percent Mulga trees (commonly dead on hang-
ing-wall block because tap roots were severed), and
75-80 percent barren ground. Undisturbed surface has
1-mm-thick clayey crust. Lower contact is gradational
and regular. Thickness is 25-40 cm.

2. Sand (samples ELS—4d through —4h, table 4). Medium-
to fine-grained sand to loamy sand (fig. 20), less than 1
percent gravel (all granule size) consisting of 90-95
percent subangular to subrounded quartz and 5-10 per-
cent rounded ferricrete nodules (3-5 mm diameter).
Few to common thin clay films on grains, none on peds;
noncalcareous, weakly cemented, massive. Red (2.5YR

4/8 d) to dark red (2.5YR 3/6 m), very sticky grading
downward to slightly sticky, slightly plastic throughout.
We consider this part of sand to be a Bw (cambic B) ho-
rizon. Basal part of unit (sample ELS—4h, table 4) con-
tains more silt but less clay than above. Strength and
number of peds increases downward; this increase in
strength is probably caused by ircn oxide and clay (table
4) acting as cementing agents. Lower contact is sharp
and regular. Thickness is 180-205 cm.

Ferricrete gravel (unit fcg). Nodular, oblong to well-round-
ed gravel-size clasts (nodules) composed primarily of
iron oxide. Nodules have concentric structure com-
posed of a 2- to 3-mm-thick external rind of dusky-red
(10R 3/3-3/4 d) FeO, a weak red (10R 4/4 d) interior
rind of FeO, and a red (10R 4/6 d to 2.5YR 4/6 d) core.
Maximum size of nodules is 34 cm, average size is 1
c¢m, minimum size is 0.3-0.4 cm. Interior of nodules
consists of quartz sand (similar to overlying unit es),
which is cemented with FeO; cementation of nodules is
strong enough to break across quartz grains. Gravel is
massive and lacks stratification. In lower part, nodules
contain greater amounts of MnO, particularly in their
cores. Nodules are oxidized, but cores are most intense-
ly oxidized. Nodules have a noncemented matrix of fine
to coarse sand similar to overlying unit es. Gravel is
clast supported and has about 20-25 percent sand ma-
trix. Lower contact is sharp to abrupt and wavy. In tec-
tonically undisturbed parts of trench, unit fcg is as
much as 50 cm thick.

Massive ferricrete (unit fcm). Unit is composed of coalesced
nodules of iron oxide that are similar to those in unit
fcg, but unit is massive and indurated and contains
more black MnO than unit fcg. Typically well cement-
ed, massive, and nonstratified. Cementation is adequate
to cause individual nodules to break during excavation
of trench. Maximum dimension of nodules is difficult
to identify because of cementation (that is, nodules
have coalesced); average size is 1.0 cm, minimum size
is 0.5 cm. Interiors of nodules are primarily dark brown
to black, are probably composed of psilomelane or oth-
er manganese oxides, and have about 5-10 percent po-
rosity. Ferricrete is clast supported and has about 10
percent sand matrix. Lower contact is gradual and
wavy. Thickness is commonly 2545 cm; base is com-
monly covered.

Altered ferricrete (unit fca). Unit is similar to unit fcm in
color and lithology, but nodules are generally smaller
because diagenetic alteration or weathering has broken
down nodules and interstitial cement. Alteration pro-
cesses probably have formed diagenetic clay. Poorly
cemented, nonstratified, but massive. Ferricrete breaks
out of exposure as pea- to granule-size gravel, rather
than pebble size. Nodules have dark- to dusky-red (10R
3/5 d) clay coatings. Thickness is unknown, but at least
60 cm is exposed in trench; base is covered.
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EXPLANATION
C Clay
CL Clayloam
L Loam
LS Loamy sand
S Sand

SC Sandy clay

SCL Sandy clay loam
SL  Sandy loam

Si Silt

SiC  Silty clay
SiCL Silty clay loam
SiL  Silt loam

SAND, IN PERCENT

Figure 19. Grain-size distribution for U.S. Department of Agriculture textural classes (Soil Survey Staff, 1975).
Sand is defined as material between 2.0 mm and 0.05 mm in diameter; silt is between 0.05 mm (50 micrometers

or i) and 2y; and clay is less than 2.

WESTERN LAKE SURPRISE TRENCH 1
(WLS-1)

Eolian sand (unit es; pl. 2B, samples WLS1-1a through -1e,

table 5). Medium- to coarse-grained sand (+) to loamy
sand (fig. 21) containing a trace of gravel (less than 1
percent) composed of roughly equal parts of ferricrete
and quartzite; gravel content may increase to 2-3 per-
cent at base. Noncalcareous, massive, and nonstratified,
except contains rare lenses of sandy gravel. Red (2.5YR
4/8 d; 2.5YR 3.5/6 m), nonsticky and nonplastic
throughout. Has slightly vesicular structure in upper 5
cm, and coatings on grains are mainly FeO (not clay).

Organic component of soil (upper part of unit es) not
subdivided in this trench. Sand fills a depression shaped
like a channel; lower contact is diffuse and regular.
Thickness is commonly 10-15 cm in hanging-wall
block (north side), 130-200 cm in footwall block (south
side).

Eolian sand, reduced phase (unit esr; sample WLS1-1f, ta-

ble 5). Medium- to coarse-grained sandy loam (-) (fig.
21) containing about 6 percent gravel. Gravel is 80-90
percent ferricrete nodules; one-third is less than 1.0 cm
in diameter and two-thirds 1.0-2.0 cm in diameter.
Sand is noncalcareous and poorly stratified to massive.
Reddish yellow (7.5YR 6/6 d; 6YR 5/4 m), very slightly
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Table 4. Particle-size data for samples from eastern Lake Surprise trench (ELS)

[Sand content determined by wet sieving; silt and clay contents determined by pipette method. Iron oxides were removed with § percent oxalic acid heated to boiling for 2-3 hours.
If present, carbonates were removed with 10 percent HCI, and organic matter was removed with sodium hypochlorite adjusted to a pH of 9.5. (+), at high-clay end of textural field;

(-), at low-clay end of textural field]

Sample No. Sampéing)dcpth Textural classification Sand (percent) Silt (percent) Clay (percent)
cm
ELS-4a............ 0-5 Sand(+).ceevieiniiiiiineane. 88.7 4.3 7.0
ELS-4b........... 5-15 Sand/loamy sand ........... 88.0 4.6 7.4
ELS-4c............ 25-30 Loamy sand(-).............. 87.9 4.4 7.4
ELS-4d........... 70-80 Loamy sand................. 85.7 4.4 9.9
ELS-4e............ 110-120 Loamy sand................. 84.5 5.2 10.3
ELS-4f............ 150-160 Loamy sand................. 83.3 5.6 11.1
ELS-4g........... 195-210 Loamy sand/sandy loam... 81.4 6.9 11.7
ELS-4h........... 240-250 Sand.........ocoeiiiiinnnnl. 88.2 10.3 1.5

SAND, IN PERCENT

Figure 20. Grain-size data for samples of eolian sand in the east-
ern Lake Surprise trench (circled letters indicate samples ELS—4a
to —4h, table 4). Textural classes are: S, sand; LS, loamy sand; and
SL, sandy loam.

sticky, nonplastic. Sand is less oxidized and has a high-
er color value (lighter tone) than unit es; this color
change probably results from occasional reducing con-
ditions owing to submergence under high water table.
Sand fills channel in underlying unit, lower contact is
diffuse and regular. Only recognized in footwall block
(south side). Thickness is 0—35 cm.

Eolian sand and ferricrete gravel, reduced phase (unit
esr+fcgr). Mixture of units esr and fcgr (see descrip-

becomes clast supported near bottom of trench; poorly
stratified. Light color of unit probably results from oc-
casional reducing conditions owing to submergence un-
der high water table. Presence of whitened nodules
suggests that nodules are a fluvial lag deposit derived
from surface exposures of unit fcgr. Although lower
contact is generally not exposed, unit rests on unit fcg
at the south side of the trench (at 4-m mark on map of
trench, pl. 2B) with a sharp, regular boundary. Thick-
ness is unknown, but at least 30 cm is exposed; base is
covered.

Angular gravel (unit ag, based partly on unit description

from trench WLS-2). Consists of several discrete lens-
es of sandy gravel that are within unit es in the footwall
block (south side) and a thin layer of sandy gravel be-
neath unit es in the hanging-wall block (north side).
Gravel is composed mainly of angular pebble- to small
cobble-size fragments of quartzite (probably derived
from units rq and rq(f)). Maximum size of gravel is
about 15 cm; average size is 3-5 cm. Gravel is nonstrat-
ified, massive, and has 20 percent matrix of oxidized
sand. Lenses are probably relicts of fluvial stream de-
posits that are interbedded with and underlie unit es,
whereas thin mantle of unit ag in hanging-wall block
may be remnant of debris flow. Debris flow predates
the most recent episode of unit es deposition at this site
and pinches out to the south, perhaps as a result of ero-
sion or uplift(?) that formed the sand-filled channel.
Upper and lower contacts are sharp and regular, al-
though the lenses have irregular boundaries. Thickness
is typically 5-15 cm.

tion of unit es above and unit fcgr below). Maximum  Angular gravel and ferricrete gravel (unit ag+fcg, based

size of gravel (nodules) is 1.0-2.0 cm and rare clasts are
3 cm; average size is 0.5-1.0 cm. Cores of some nod-
ules consist of quartzite fragments. Gravel is matrix
supported, but gravel content increases downward and

partly on unit description from trench WLS-2). Mix-
ture of unit ag (angular to subrounded fragments of
coarse-grained quartzite) and unit fcg (described be-
low). Gravel clasts (5-10 percent of the unit) have max-
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Table 5. Particle-size data for samples from western Lake Surprise trench 1 (WLS-1)

[Sand content determined by wet sieving; silt and clay contents determined by pipette method. Iron oxides were removed with 5 percent oxalic acid heated to boiling for 2-3 hours.
If present, carbonates were removed with 10 percent HCI, and organic matter was removed with sodium hypochlorite adjusted to a pH of 9.5. (+), at high-clay end of textural field;

(-), at low-clay end of textural field

Sample No. Samp}in g)depth Textural classification Sand (percent) Silt (percent) Clay (percent)
cm
WLS1-1a.......... 0-5 Sand(+)..covveniininnnnnen. 89.1 5.0 5.9
WLS1-1b.......... 10-20 Sand/loamy sand ........... 88.5 4.4 7.1
WLS1-1c.......... 40-50 Loamy sand(-).............. 87.6 4.4 8.0
WLS1-1d.......... 90-100 Loamy sand................. 86.3 4.9 8.8
WLS1-le.......... 140-150 Loamysand................. 84.9 5.6 9.6
WLSI-1f .......... 200-210 Sandy loam(-)............... 80.7 6.4 13.0

SAND, IN PERCENT

Figure 21.

Grain-size data for samples of eolian sand in western

Lake Surprise trench 1 (circled letters indicate samples WLS1-1A to
—If, table 5). Textural classes are: S, sand; LS, loamy sand; and SL,

sandy loam.

imum size of about 6 cm, commonly are 2 ¢m, and are
stained with FeO (hematite and pale-green iron oxide)
along fractures. The angular fragments are clearly exot-
ic to the trench site and must have been transported in
order to be incorporated into this unit (that is, unit ag is
not derived from unit rq in this trench). Unit restricted
to hanging-wall block (north side) and appears to have
filled an ancient graben or surface depression. Upper
contact is gradual and regular; lower contact is sharp
and irregular. Thickness is typically 35-65 cm.

Ferricrete gravel (unit fcg, based largely on unit description

from trench WLS-2). Composed of rounded to sub-
rounded ferricrete nodules in a matrix of medium- to
coarse-grained, subangular to subrounded red (2.5 4/6
d) sand. Maximum size of nodules is 2-3 cm, average
size is 0.5-1.5 cm. Gravel is clast supported, noncalcar-
eous, nonstratified, and massive. Nodules are accreted

into clusters in places. Upper contact is sharp and regu-
lar with a variety of units; lower contact is sharp and
wavy to irregular. Thickness is variable, but is com-
monly 50-100 cm.

Ferricrete gravel, reduced phase (unit fcgr). Composed of

rounded to subrounded ferricrete nodules in matrix of
fine- to medium-grained sand. Maximum size of nod-
ules is 6-8 cm, average size is 3 cm, minimum size is
1-2 cm. Sandy matrix is loose, reddish white in upper
part but white in lower part. Nodules form clast-sup-
ported gravel having 10-20 percent matrix composed
of sand. Cores of nodules are mostly maroon to red
hematitic clay with 4-20 percent sand-size angular
quartz fragments. Nodules have bleached (whitened)
rinds 1-3 mm thick; smaller nodules are commonly red
throughout, but larger nodules have MnO on interior
fracture surfaces. Upper contact with unit fcg is grada-
tional over about 10 cm, although much of boundary
defined by transition in color. However, unit fcgr gen-
erally has larger nodules than unit fcg. Exposure of unit
fegr restricted to a single fault-bounded block at 14.5-
m mark (trench map, pl. 2B). Lower contact defined by
major south-dipping fault plane that moved in 1988.
Thickness is about 100 cm.

Ferricrete (unit fcm) (based largely on unit description from

trench WLS-2). Massive breccia composed of angular
fragments of nodular ferricrete cemented by FeO and
MnO. Fragments typically have a core of FeO, a halo of
black MnO with irregular boundaries around the core,
and an outer rind of FeO that gives the ferricrete its
strong red color. Matrix ranges from loose FeO-rich
sand to red FeO-rich clay(?). Upper contact is grada-
tional with unit feg, lower contact is a fault. Thickness
is at least 110 cm where exposed.

Quartzite (unit rq). Hematitic, coarse-grained quartzite with

pervasive internal oxidation. Exposed only in lower
part of north end of trench, where it is largely unfrac-
tured and unjointed because of distance from main
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faults. Most quartzite is a strongly jointed and fractured,
hematitic quartzite (unit rq(f)) with pervasive internal
oxidation. The density of fracturing and jointing, which
typically depends on proximity to major faults and
shears, produces a pattern of angular rhombohedral
blocks of rock, commonly 4-6 cm on a side. The surfac-
es of joint-bounded blocks have 1- to 5-mm-thick yel-
lowish-white rinds probably composed of reduced iron
oxides. Oxidized iron-manganese rinds are present be-
tween the core fragments; rinds are commonly 1 mm
thick and may be largely composed of oxidation prod-
ucts of overlying units fcg and es. We speculate that
the iron-manganese oxides were produced by recent ox-
idizing conditions, whereas the bleached (yellow-
white) rinds probably result from older geochemical
conditions. Thickness is unknown, but at least 2 m; base
is covered.

WESTERN LAKE SURPRISE
TRENCH 2 (WLS-2)

Postfaulting colluvium (unit csb, pl. 2C). Comprised of lo-

cally derived slope debris and moderately coherent
blocks shed from the 1988 fault scarp. Contains compo-
nents from soil, unit es, and unit fcg exposed in hang-
ing-wall block. As a unit, consists of unsorted, oxidized
sand and gravel. Blocks probably deposited by collapse
of oversteepened scarp during or soon after faulting.
Contains a recognizable block of overturned soil at dis-
tal end of deposit (see arrow indicating former upright
direction on enlarged part of trench map, pl. 2C). Small
pocket of postfaulting eolian sand has been deposited
against end of colluvium. Colluvium restricted to foot-
wall block, adjacent to fault zone. Lower contact is
sharp and irregular, marked by clayey crust on buried
unit es. Thickness is typically 35-40 cm.

Eolian sand with organic component of soil (unit €s; sample

WLS2-1a, table 6). Fine- to medium-grained loamy
sand (-) (fig. 22) that contains less than 1 percent coarse
fragments (two-thirds are granules of unit fcg and one-
third is quartz and angular lithic fragments). Noncalcar-
eous, well sorted, massive. Dark red to dark reddish
brown (2.5YR 4/6 d; 1YR 3/5 m), nonsticky, nonplastic.
Soil has clayey, platy surface crust 2—4 mm thick and is
slightly organic (as indicated by root hairs and darkened
color relative to unit esm). Structure becomes moder-
ate, medium, angular blocky and weak, fine, subangular
to angular blocky beneath crust; has few thin clay films
on grains and pervasive FeO stain on grains. Lower
contact is gradual and regular. Base of organic compo-
nent of soil only shown on hanging-wall block. Thick-
ness is commonly 15 cm.

Slightly cemented eolian sand (unit esm; sample WLS2-1b,

table 6). Loamy sand (-) (fig. 22) contains 1-2 percent
granules and gravel (75 percent rounded ferricrete nod-

ules, 25 percent angular quartzite and lithic fragments).
Red (slightly redder than 2.5YR 4/7 d; 10R 3/5 m), very
slightly sticky, nonplastic to very slightly plastic, non-
calcareous, friable, slightly harder and more competent
than soil above and sand below. Structure is moderate,
medium, subangular blocky to weak, fine, subangular
blocky; has few thin clay films on grains and pervasive
FeO stain on grains. Unit fills channel and pinches out
to north against paleoslope formed on unit ag. Lower
contact is gradual and wavy. Thickness is commonly
15-40 cm.

Eolian sand, reduced (unit esr; sample WLS2-1c, table 6).

Sand (+) to loamy sand (-) (fig. 22), red (2.5 YR 4/7 d;
10R 3.5/6 m), contains 2-3 percent granules (80-90
percent lateritic nodules and 10-20 percent angular lith-
ic fragments), loose, noncalcareous, nonplastic, very
slightly sticky. Structure is 75 percent weak, medium,
subangular blocky to weak, fine, subangular blocky
mixed with about 25 percent single grain; has few thin
clay films on grains and pervasive FeO stain on grains.
Unit fills channel and pinches out to north against pa-
leoslope defined by unit ag. Lower contact is sharp and
wavy. Thickness is commonly 15-55 cm.

Angular gravel (unit ag, described on upthrown block at 3.0

m, pl. 2C). Thin layer of gravel (angular to subrounded
fragments of quartzite) containing minor amounts of
units fcg and es in about equal proportions. Angular
fragments have maximum size of about 15 cm, are com-
monly 3 ¢cm. Consists of 8- to 15-cm-thick deposit in
hanging-wall block, tentatively interpreted as a debris
flow (see description of unit ag for trench WLS-1). In
footwall block, a pod of unit ag is present at margin of
paleochannel filled with eolian sand. Thickness is at
least 40 cm; base is covered.

Angular gravel and ferricrete gravel (unit ag+fcg). Mixture

of units ag and fcg (angular to subrounded fragments
of quartzite). Quartzite fragments make up about 5-10
percent of the unit (see description of unit ag above and
unit fcg below). Fragments have maximum size of
about 8 cm, are commonly 3 cm, and are coarse grained
with FeO (hematite and greenish-white iron oxide)
along fractures. Fragments are clearly exotic to the
trench and must have been transported in order to be in-
corporated into this unit.

Hanging-wall block (described at 1.6-m mark on trench
map, pl. 2C). Geometry and restricted distribution of
deposit above network of fractures (that are probably
contiguous with zone of open fissures 15 m to the east)
implies that unit could fill an ancient graben, which was
subsequently buried by debris flow (unit ag). Upper
contact is sharp and regular, lower contact is sharp and
irregular. Thickness is 25-30 cm.

Footwall block (sample WLS2-1d, table 6). Contains
mixture of sandy pebble gravel (units esr and fcg) and
angular gravel (unit ag), estimated to contain 75 per-
cent gravel and 25 percent sand overall. Matrix consists
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Table 6. Particle-size data for samples from western Lake Surprise trench 2 (WLS-2)

[Sand content determined by wet sieving; silt and clay contents determined by pipette method. Iron oxides were removed with 5 percent oxalic acid heated to boiling for 2-3 hours.
If present, carbonates were removed with 10 percent HCI, and organic matter was removed with sodium hypochlorite adjusted to a pH of 9.5. (+), at high-clay end of textural field;
(~), at low-clay end of textural field]

Sample No. Sampling depth Textural classification Sand (percent) Silt (percent) Clay (percent)
(cm)
WLS2-1a.......... 0-10 Loamy sand(-)............. 86.3 5.7 8.0
WLS2-1b.......... 22-32 Loamy sand................. 85.2 4.6 10.2
WLS2-1c.......... 44-55 Loamy sand(+) ............ 82.0 6.5 11.4
WLS2-1d.......... 80-90 Loamy sand(+) ............ 82.7 5.6 11.7

©
o %

SAND, IN PERCENT

Figure 22. Grain-size data for samples of eolian sand in western
Lake Surprise trench 2 (circled letters indicate samples WLS2-1a to
-1d, table 6). Textural classes are: S, sand; LS, loamy sand; and SL.,

sandy loam.

is 0.5-1.5 cm, maximum size is 2-3 cm but may be
cemented into clusters as large as 10 cm. Matrix is red
(2.5YR 4/6 d) medium- to coarse-grained sand derived
from unit es. Nonstratified, massive, and noncalcare-
ous; abundant root hairs within upper 50 cm. Upper
contact is gradual over 10-cm-wide zone, base is sharp
but wavy. Thickness is commonly 15~30 cm, locally
60-120 cm where faulted.

Ferricrete (unit fcm). Breccia of angular blocky fragments

cemented by FeO and MnO. Blocks typically have a
core of red FeO surrounded by a rim of black MnO and
an outer rind of red FeO; boundary between MnO and
outer rind is irregular. Matrix varies from FeO-rich clay
to a FeO-rich loose sand (from above). In some places,
unit is less blocky and more vuggy, as if it is an accreted
(cemented) phase of unit fcg. Upper contact is gradual
and wavy. Present as 50-cm-thick blocks between shear
zones and faults in hanging-wall block, and 10- to 15-
cm-thick mantle over unit rf in footwall block. Thick-
ness is unknown; base is covered.

Quartzite, fractured (unit rq(f})). Hematitic quartzite, mas-

of loose, noncalcareous, loamy sand (+) (fig. 22) having
single-grain structure and clay films as in eolian sand
units above. Gravel fraction is about 55 percent gran-
ules (2—4 mm) and 45 percent pebbles (less than 5 mm).
Granules are 80-90 percent ferricrete nodules; pebbles
are 75 percent ferricrete nodules (0.8-1.5 cm in diame-
ter) and 25 percent angular lithic fragments having a
maximum size of 2-3 cm. Color of less than 2-mm frac-
tion is red (2.5YR 4/7 d to slightly redder than 2.5YR
3.5/6 m). Unit interfingers with unit ag and contains
small, isolated lenses of mainly unit ag. Grades into
unit ag towards fault and thus is probably composed, in
part, of colluvium shed from ancient fault or fluvial
scarp. Contains two stone lines (most conspicuous be-
tween 10—12 m on trench map, pl. 2C) composed of an-
gular iron-rich quartzite clasts (unit ag), one to two
stones thick. Clasts are commonly 2-3 c¢m in size with
maximum of 6-8 cm. Upper contact is gradual and reg-
ular. Thickness is at least 25-40 c¢m; base is covered.

Ferricrete gravel (unit fcg). Clast-supported gravel-size sub-

angular to subrounded ferricrete nodules. Common size

sive but pervasively jointed and fractured, which pro-
duces a network of rectangular blocks 5-10 cm in size.
Major fractures dip about 75° N. and contain red and
specular hematite along open and healed joints; some
surfaces have coating of reduced iron (as limonite and
goethite?). Unit moderately altered but breaks into or-
thogonal blocks; fracture surfaces not completely filled
by iron oxides. Contacts are typically fault bounded.
Thickness is at least 2 m in main fault zone; base is
covered.

Highly altered iron-rich bedrock (unit rf). Large (3 cm to as

much as 20 cm in maximum dimension) angular blocks
of unidentifiable bedrock that are composed of soft he-
matitic rock (perhaps containing abundant clay) with
minor amounts of quartz. Blocks are moderately porous
and fractured, and contain less quartz matrix than units
fcg or fcm. Manganese oxide is present as vein and
fracture filling, usually less than 1 mm wide. Contains
about 5 percent angular to subrounded quartz of coarse-
to very coarse-sand size. Blocks become similar to unit
fcg upward with less rock fragments, more rounded
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fragments that have rinds, and more iron-rich sand in
the matrix. At the base, unit rf is more competent but
still highly altered. Thickness is at least 1.5 m; base is
covered.

KUNAYUNGKU TRENCH (KS)

Eolian sand (unit es, pl. 2D). Well sorted, nonstratified, fine-

to coarse-grained sand, subangular to subrounded. Al-
though no lithologic or textural divisions were made in
this unit, horizons were differentiated for sampling and
analysis of soil development. All boundaries are gradu-
al and regular. Thickness is 110-125 cm on axis of fold
to as much as 150 cm in footwall block (north side).
A/B horizon (sample KS-1a, table 7). Ochric A horizon
(surface accumulation of humified organic matter
mixed with mineral fraction, which is predominant) in
upper part. Organic matter is typically 0.5-1.0 weight
percent and is accompanied by slight darkening (in-
creased color value), root hairs, and weak platy struc-
ture compared to underlying Bw horizon. Consists of a
loamy sand (+) (fig. 23) containing a trace of 2-5-mm
size granules (mostly 2-3 mm). Reddish brown (5YR
3.5/4 d4,2.5YR 3/4 m), very slightly plastic, very slightly
sticky. Structure changes from weak, moderate, suban-
gular blocky in upper part to weak, fine, subangular
blocky downward (B horizon); noncalcareous. Few thin
clay films on grains and weak iron cementation. Surface
is characterized by abundant termite burrows and bio-
turbation. Depth 0-5 cm.

B/A horizon (sample KS-1b, table 7). Transitional ho-
rizon between A and Bw horizons. Consists of a loamy
sand (+) (fig. 23) having a median grain size of medium
to coarse sand, 1 percent granules (mainly 2-3-mm rock
fragments). Dark red (2.5YR 3-6 d; 2.5YR 2.5/4 m),
very slightly plastic, very slightly sticky; noncalcare-
ous, weakly cemented by FeO. Structure is moderate,
coarse, subangular blocky to moderate, medium, suban-
gular blocky. Few thin clay films; mainly FeO on
grains. Upper part contains abundant burrows and root
holes filled with red sand. Depth 5-18 cm.

Bw horizon (sample KS-1c, table 7). Cambic B horizon
has illuvial (downward-moving) accumulation of amor-
phous iron oxide and organic-matter complexes; both
color value and chroma are greater than 3 on the Mun-
sell Color Chart (Munsell Color Co., Inc., 1954). Con-
sists of a loamy sand to sandy loam (fig. 23) having a
trace (less than 1 percent) of gravel (angular quartz and
rock fragments, all 2-3 mm in size). Red to dark red
(2.5YR 4/6 d; 2.5YR 3/5 m), very slightly plastic, very
slightly sticky; noncalcareous. Structure is medium,
moderate, subangular blocky to medium, fine, subangu-
lar blocky. Few thin clay and silt coatings, grains main-
ly coated by FeO. Depth 18-40 cm.

Bt1 horizon (sample KS-1d, table 7). Argillic B horizon
has an accumulation of silicate clay (and iron oxide)
that either forms in place or is illuvial; hence, it contains

more clay-size material than assumed parent material
(C horizon) or overlying A horizon. Bt horizon is the
upper, less well developed part of the thick Bt in unit
es. Consists of a sandy loam (-) to sandy loam (fig. 23)
containing 10-20 percent nodules (iron-cemented sand)
1.5-3 cm in diameter. Red to dark red (2.5YR 4/8 d;
2.5YR 3.5/6 m), slightly plastic, slightly sticky; noncal-
careous. Structure is medium, moderate, subangular
blocky to medium, fine, subangular blocky. Clay films
are common and thin on pores and grains; few thin clay
films on peds. Depth 40-70 cm.

Bt2 horizon (sample KS~1e and -1f, table 7). Bt2 hori-
zon is the lower, better developed part of the thick Bt in
unit es. Consists of a sandy loam (fig. 23) having less
than 1 percent of 5-mm-size gravel (easily passed
through 2-mm screen). Gravel, which increases to about
3 percent at base of horizon, is composed of immature
ferricrete nodules (one-third 5-10 mm size, two-thirds
2-5 mm size), angular quartz, and lithic fragments. Red
(2.5YR 4/8 d; 1YR 4/8 m);, slightly plastic to plastic,
slightly sticky to sticky; slightly more clay than Bt1 ho-
rizon. Structure is weak, medium, subangular blocky to
moderate, fine, subangular blocky in upper part and
strong, medium, angular blocky to strong, fine, angular
blocky in lower part. Soil is noncalcareous in upper part
to slightly effervescent in lower part, but carbonate is
not obvious as a secondary accumulation. Clay films
are few and thin on grains, common and thin to medium
on pores, not obvious on peds. Lower contact is sharp to
gradational (over 5-10 cm interval). Depth 70-120 cm
(base of unit es).

Massive ferricrete (unit fcm). Rounded to subrounded nod-

ular ferricrete, nodules commonly 0.5-2 cmin size. Up-
per half of unit consists of ferricrete nodules in matrix
of medium to coarse red sand (similar to unit es).
Downward, sand content (as expressed by color of the
ferricrete) decreases, and the nodules are surrounded by
a matrix of clay that is probably derived from the under-
lying bedrock (unit ra). Lower half of unit has mottled
colors (10R red colors, drab ochre, and black MnO
staining). Nodules in lower half of unit are typically 2-6
mm in size, which is finer grained than upper half; con-
tains sparse rounded quartz grains, 10-15 mm in size.
Lower contact is sharp (1-2 c¢m) to gradational. Thick-
ness is 30-75 cm.

Altered bedrock (unit ra). Claystone, massive but jointed,

breaks into 2-3 cm size angular prisms having thick
clay films on faces. Slickensides and grooved surfaces
on many prism faces are evidence of differential
movement between blocks. Claystone contains 5-10
percent residual, medium-coarse grained, subangular to
rounded quartz sand. Drab light gray green but mottled
with yellowish-orange and black (MnO) stains. Con-
tains sparse light-gray to white, 3- to 8-mm-diameter,
rounded carbonate nodules that are porous and vuggy,
massive to laminated, and stained with FeO and MnO.
Noncalcareous except nodules. Thickness is at least 50
cm; base is covered.
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Table 7. Particle-size data for samples from Kunayungku trench (KS)

{Sand content determined by wet sieving; silt and clay contents determined by pipette method. Iron oxides were removed with 5 percent oxalic acid heated to boiling for 2-3 hours.
If present, carbonates were removed with 10 percent HCI, and organic matter was removed with sodium hypochlorite adjusted to a pH of 9.5. (+), at high-clay end of textural field;
(-), at low-clay end of textural field]

Sample No. Sampéing)dcpth Textural classification Sand (percent) Silt (percent) Clay (percent)
cm
KS-la......ooeeis 0-5 Loamy sand(4) ............. 83.2 4.8 11.9
KS-1b.iernennee. 5-15 Loamy sand(+) ............. 82.1 8.5 94
KS-lcooiieininnns 20-30 Loamy sand/sandy loam. .. 80.9 8.7 10.5
KS-1d............ 50-60 Sandy loam(-)............... 78.6 9.6 11.8
KS-le..cooeenenene 80-90 Sandy loam.................. 76.6 10.9 12.5
KS-1f............. 105-115 Sandy loam.................. 77.7 11.4 14.0

SAND, IN PERCENT

Figure 23. Grain-size data for samples of eolian sand in the Kuna-
yungku trench (circled letters indicate samples KS—1ato -1f, table 7).
Textural classes are: S, sand; LS, loamy sand; and SL, sandy loam.
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Table 8. Data for samples collected in the Tennant Creek area trenches

[Geologic units are shown on pl. 2. Horizontal and vertical locations are from center of sampling hole or channel shown on pl. 2. Type of analysis: GS, grain size; ESR, electron-
spin resonance; TL, thermoluminescence; U-trend and U-series, uranium isotope analyses; %C (AMS), accelerator mass spectrometry analysis of radiocarbon sample; Chemistry,
chemical analysis for ESR age determination. ESR analyses by Kazuhiro Tanaka, Central Research Institute for Electric Power Industry, Abiko City, Japan; TL analyses by J.R.
Prescott, University of Adelaide, Adelaide, Australia; uranium isotope analyses by D. R. Mubs, U.S. Geological Survey, Denver, Colo.; 1C determination by Geochron Laborato-
ries, Cambridge, Mass.]

Reference symbol Field No. Geologic unit Horizontal axis (m)  Vertical axis (m) Type of analysis

Eastern Lake Surprise trench (ELS), hanging wall (south end)

A, ELS/10............ es (soil)............. 3.1 4.0 ESR
B................ ELS-5a............ es (soil)............. 6.5 3.9 U-trend
ELS/7..ccoen.n... es (soil)............. 6.4 39 ESR
Creeeeiiiinn, ELS-5b............ [ U 6.5 3.6 U-trend
ELS/6.............. [ SO 6.4 3.6 ESR
TC2S/65........... BSetireiinianenrninaes 6.5 3.6 TL
D................. ELS-5¢c............ L R 6.5 3.2 U-trend
ELS/5....ccuuu.n.. (T SO 6.4 3.2 ESR
E.onvvvnvnvennn.. ELS/O.............. [ T 3.3 2.8 ESR
y ELS-5d............ [ O 6.5 2.7 U-trend
ELS/4.............. L TSI 6.3 2.7 ESR
TC2S/145........ L1 JUT 6.5 2.7 TL
G .o, ELS-5e............. (oL T 6.5 24 U-trend
ELS/3......cce.n... B8 tiiiiieinnes 6.2 2.4 ESR
TC2S/1.85........ L1 U 6.5 2.4 TL
H.ooccovovvinins ELS-5f..ccccenn.nt BSriiirenennenenns 6.5 1.9 U-trend
ELS/2...ccccune... €S riineiniiraienanes 6.2 1.9 ESR
TC2S/2.25........ €S rreirrirenranenanes 6.5 1.9 TL
) PPN ELS-5g............ €S eirirrranieanaanes 6.5 1.7 U-trend
ELS/l.g. ............ €S uiiiieiiranranns 6.2 1.7 ESR
TC2S/2.5a........ €S .uereeriranraneanans 6.5 1.7 TL
Eastern Lake Surprise trench (ELS), footwall (north end)
RSO ELSH4a............ es (soil)....ccceunns 19.8 3.1 GS
K.ooiiiiiiiiinnn. ELS-4b............ es (soil)............. 19.8 3.0 GS
Loiiiiiiiinninnns ELS-4c............ es (soil)............. 19.8 2.8 GS
M..oooiiinn. ELS-4d............ €S tiiiiiiierienane, 19.8 2.4 GS
N, ELS-4e ............ €S.einiiieeanans 19.8 2.0 GS
[0 ELS/8....cccv.n... es (fault zone) ..... 15.8 2.6 ESR
P, ELS-4f............. BSeininirinrnrnenennns 16.0 1.7 GS
Q. ELS4g............ [ TS 16.0 1.2 GS
TC2S/2.5b........ €S uininininininenennns 16.0 1.2 TL
R, ELS-4h............ €S iriniinririiaanns 17.2 .8 GS
S s ELS/11............ es (fault zone) ..... 15.2 2.2 ESR
T ELS-6a............ feg .o, 15.0 7 U-series
/U ELS-6b............ (o) 1 D 13.8 .8 U-series
| 2O ELS-6¢ ............ feaiiiiniiinann, 13.7 3 U-series
Labeledonpl.2A. ELS-2.............. (Y T 17.2 1.2 14C (AMS)
Labeledonpl.24. ELS-3.............. L TP 17.7 1.2 14C (AMS)
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Table 8. Data for samples collected in the Tennant Creek area trenches—Continued
Western Lake Surprise trench 1 (WLS-1), footwall (south end)
A, WLS1-1a.......... es (soil)............. 6.8 2.6 GS
B, WLS1-1b.......... L TR 6.8 2.4 GS
Ciiiviviinn, WLS1/4 ........... [ T 6.5 2.1 ESR
WLSI-Ic.......... €Seietiiaienneanannes 6.8 2.1 GS
D....ccvnnnn. WLS1/3........... €S eritieieeeaeenans 6.6 1.7 ESR
WLS1-1d.......... €S8 urrinarenanenenens 6.8 1.7 GS
E.ovvnvennnnnn, TC35/90........... (1 TN 6.2 1.6 TL
Foivveiiiiin, WLSI1/2 ........... €8 rrnrneneienninans 6.6 1.2 ESR
WLS1-1le.......... [ T 6.8 1.2 GS
G, TC3S5/1.7.......... (13 SO 6.5 7 TL
WLS1/1 ........... 13 SOOI 6.8 .6 ESR
WLSI1-1f.......... (13 SUTUTR 6.8 .6 GS
H. ... WLS1/6........... 1) SOPUTTTIRRPRN 9.1 .8 ESR
) S WLS1/5........... esr+fegr.. ..o, 5.7 3 ESR
i TS WLS1/7........... Shear zone in 14.9 1.5 ESR
hanging wall
(fcgr).
Western Lake Surprise trench 2 (WLS-2), footwall (south end)
A, WLS2-1a.......... es (soil)............. 10.8 2.1 GS
) 2 WLS2/13.......... 1351 ORTURUPN 8.8 2.0 ESR
{ T, WLS2-1b.......... 115 11 I 10.8 1.9 GS
WLS2/10.......... €SM .vvnrieninnnns 11.2 1.8 ESR
D, WLS2-1c.......... 1] SO 10.8 1.7 GS
TC4S§/50........... (1 SUT 11.2 1.7 TL
WLS2/9 ........... 13 SUTURR 11.2 1.7 ESR
E. i, WLS2/12.......... €ST.iuniininaenannanns 9.0 1.7 ESR
] WLS2-1d.......... agHCg..ooveiinnnn. 10.8 1.3 GS
G, WLS2/8 ........... ag+feg...ooiinnen, 11.4 1.2 ESR
Western Lake Surprise trench 2 (WLS-2), hanging wall (north end)
H........... WLS2/6 ........... €8eiiieiieieiaananns 3.2 2.8 ESR
) WLS2/7 ........... o SOTUTOTUURUTUURUROIN 2.1 1.9 ESR
Y U, WLS2/4 ........... Pre-1988 gouge 4.0 1.0 ESR
(rq().
K.oiiiiiiiiian, WLS2/11.......... rq(f)eenniiennninnnn. 4.1 .9 Chemistry
) TR WLS2/1,2,3 ...... Pre-1988 gouge 4.2 ESR
(rq(®).
M. ..ol WLS2/5 ........... 1988 fault zone.... 4.9 9 ESR
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Table 8. Data for samples collected in the Tennant Creek area trenches—Continued

Kunayungku trench (KS), hanging wall (south end)

A, KS-1a.............. es(AB)....cunnn. 18.3 4.1 GS
B, KS-1b............. es(B/A)............ 18.3 4.0 GS
. O KS-lc.coovineenenn. es (BS)ourerirunnn. 18.3 39 GS
TC1S/20........... es (BS)oeerennnnn. 18.3 3.9 TL
KS/d...ooonoto. es (BS).oooerunnenen 18.3 3.9 ESR
D...c.c....... KS-1d............. es (Bth............. 18.3 3.6 GS
TC1S/45........... es (Btl)............. 18.3 3.6 TL
KS/2.oiiiinnnn. es (BtD..ooooeunns 18.3 3.6 ESR
E.ovnveiinnn, KS-le....coeeene. es (B2)............. 18.3 3.3 GS
TC1S/80........... es (Bt2)............. 18.3 3.3 TL
KS/3.ooiiiiiiiil es (Bt2)............. 18.3 3.3 ESR
) KS-1f.............. es (Bt2)............. 18.3 3.0 GS
TC1S/1.1.......... es (Bt2)............. 18.3 3.0 TL
KS/1......ociail. es (Bt2)............. 18.3 3.0 ESR
[ ¢ 2R KS/5.ciiiini. Fault gouge......... 14.3 1.7 ESR
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Table9. Thermoluminescense and preliminary electron-spin-resonance age estimates for eolian sand in the Tennant Creek area trenches

[Thermoluminescence (TL) analyses by J.R. Prescott, University of Adelaide, Adelaide, Australia. Error limits for equivalent dose are 16.5 percent, except Ad TL91003, which is
17.3 percent. Error limits for dose rate are about 5 percent. Error limits for ages are 1 standard deviation and are based on water contents of 2 percent as determined from samples.
Electron-spin-resonance (ESR) analyses by Kazuhiro Tanaka, Central Research Institute for Electric Power Industry, Abiko City, Japan. Age estimates are those reported as of Dec.
31, 1991. No error limits were assigned to the ESR analyses. Sample localities given in table 8]

Laboratory designation Field sample designation Equivalent dose Dose rate Age and error limits
(type of analysis) (depth in cm) (Gy) (Gy/ka) (1,000 yr)

Eastern Lake Surprise trench (ELS)

Ad TL91001(TL)............ TC2S8/65 (65) ... 18.3 1.42 13+1
Ad TLO1011(TL)............ TC2S5/1.45 (145)........... 67 1.48 4543 .4
Ad TL91006R(TL).......... TC25/1.85 (185)........... 77 1.54 504
Ad TLO1012(TL)............ TC28/2.25 (225)........... 111 1.57 71+5.4
Ad TL91002R(TL).......... TC28/2.5a 250) ........... 86 1.66 5244
Ad TL91003R(TL).......... TC25/2.5b (250)............ 64 1.48 4343

Western Lake Surprise trench 1 (WLS-1)

Ad TL91008(TL)............ TC38/90 (90)............... 28.5 1.44 20%1.5
Ad TL91013(TL)............ TC3S/1.7 (190)............. 73 1.59 46%3.5
Western Lake Surprise trench 2 (WLS-2)

Ad TL91007(TL)............ TC4S/50 (50)........ounents 17.1 1.70 1020.8

Kunayungku trench

Ad TLO1004(TL)............ TC1S8/20 (20)......eeon.. 9.5 1.45 6.6x0.5
KS/4(ESR)........ccvvenenen. KS/4 (20)..ccceviiiiinnes 24 2.483 9.7

Ad TL91010(TL)............ TC15/45 (45) ..ucnnenentn. 15.6 1.46 10.7+0.8
KS/2(ESR).......cocuienenne. KS/2 (45).ccciiiiiiinanen. 65 2.483 26.2

Ad TL91009(TL)............ TC1S/80 (80).....c.uunen.. 35 1.51 23.0+2.2
KS/3(ESR)..c..cvvvnneennnes KS/3 (80).ccccviiiiineannnes 100 2.483 40.3

Ad TL91005(TL)............ TC18/1.1 (110)............. 44 1.46 30+2.3
KS/I(ESR)......vcvnenennn. KS/1 (110).ccvivnennnnnn, 121 2.483 48.9
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